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Abstract
Chromium (Cr) and Uranium (U) isotopes (53Cr/52Cr and 238U/235U ratios) are very pow-
erful new geochemical tools in environmental remediation and paleoredox reconstruction
studies. Correctly interpreting Cr and U isotopic compositions in groundwater and sed-
imentary rock samples requires thorough understanding of relevant isotope fractionation
mechanisms, many of which are still poorly understood. Isotopic exchange and oxidation
reactions are two types of them.
High concentration, acidic-pH experiments were conducted to determine equilibrium
fractionations between hexavalent Cr (Cr(VI)) and trivalent Cr (Cr(III)), and between hex-
avalent U (U(VI)) and tetravalent U (U(IV)). Low concentration, neutral-pH experiments
(closer to natural settings) were conducted to determined Cr(III)-Cr(VI) and U(IV)-U(VI)
isotopic exchange kinetics. Experiments were also conducted to investigate U isotope frac-
tionation caused by oxidation of both dissolved and solid U(IV) by dissolved oxygen.
In the high concentration, acidic-pH experiments to determine Cr isotope exchange
rates, when at isotopic equilibrium, the 53Cr/52Cr of dissolved Cr(VI) was found to be
5.8±0.5h higher than that of dissolved Cr(III) in chloric acid media at 25 ◦C (pH 1.2).
The isotopic exchange rate at pH 1.2 was found to be on time scales of decades, even with
extremely high concentrations (0.2 M for both Cr(III) and Cr(VI)). In contrast, in the
low concentration, neutral-pH experiments, significant isotopic exchange was found on time
scales of months at pH 7, when Cr(III) is solid and Cr(VI) is dissolved, even with much
ii
lower concentrations compared to the high concentration, acidic-pH experiments. Faster
isotopic exchange is attributed to adsorption of Cr(VI) to Cr(III) particle surfaces, which
keeps Cr(III) and Cr(VI), and intermediate species Cr(V) and Cr(IV), in close proximity
long enough to allow multiple electron transfers. The isotopic exchange rate at pH 7 was
found to conform to the rate law: R = k · [Cr(V I)]adsorbed, in which R is the isotopic
exchange rate (mol adsorbed Cr(VI) L−1 day−1); k is the rate constant determined to be
0.002 day−1; [CrO2−4 ]adsorbed is the concentration of Cr(VI) adsorbed to solid Cr(III) (mol
adsorbed Cr(VI) L−1). The impact of isotopic exchange on the 53Cr/52Cr ratio of the
dissolved Cr(VI) depends on relative masses and 53Cr/52Cr ratios of the starting Cr(III)
and Cr(VI), as well as the fraction of Cr(III) atoms exposed to solution. However, the time
scale of the impact is very long (tens of years to around one hundred years) due to very
small amount of Cr(VI) adsorbed onto Cr(III) solid surfaces in natural settings, where solid
surfaces are dominated by other minerals other than solid Cr(III).
Oxidation of dissolved U(IV) by dissolved oxygen in 0.1 M HCl caused the 238U/235U
of the remaining U(IV) to increase as a function of the extent of oxidation, and the 238U/235U
of the product U(VI) to closely follow the trend of U(IV), but 1.1±0.2h lower than U(IV).
In contrast, oxidation of solid U(IV) by dissolved oxygen in 20 mM NaHCO3 caused only
a weak fractionation (∼0.1h). We suggest that isotope fractionation during oxidation of
solid U(IV) is inhibited by a “rind effect”, where the surface layer of the solid U(IV) is
completely oxidized before the inner layer is exposed to oxidant, and complete conversion
of each layer limits isotopic effect. The weak isotopic shift is attributed to adsorption of
some of the produced U(VI).
In the high concentration, acidic-pH experiments to determine U isotope exchange
rates, when at isotopic equilibrium, the 238U/235U of dissolved U(VI) was found to be
1.64±0.16h lower than that of dissolved U(IV) in chloric acid media at 25 ◦C (pH 0.2). With
0.032 M dissolved U(VI) and 0.035 M dissolved U(IV), the isotopic equilibrium was reached
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in about 19 days. In contrast, in the low concentration, neutral-pH experiments, the isotopic
exchange between solid U(IV) and dissolved U(VI) was found to be on time scales of days.
The isotopic exchange rate was found to conform to the rate law: R = k · [U(V I)]adsorbed, in
which R is the isotopic exchange rate (mol adsorbed U(VI) L−1 day−1); k is the rate constant
determined to be 0.199 day−1; [U(VI)]adsorbed is the concentration of U(VI) adsorbed to solid
U(IV) (mol adsorbed U(VI) L−1). The impact of isotopic exchange on the 238U/235U ratio
of the dissolved U(VI) depends on the relative masses of the starting U(IV) and U(VI), as
well as the percentage of U(IV) atoms on the surface of U(IV) particles. The time scale of
the impact is roughly a few years, due to very low abundances of U(VI) adsorbed to U(IV)
solid surfaces in natural settings, where solid surfaces are dominated by other minerals other
than solid U(IV).
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Chapter 1
Introduction
1.1 Chromium isotope systematics
Chromium (Cr) has four stable isotopes: 50Cr (4.35%), 52Cr (83.78%), 53Cr( 9.50%), and
54Cr(2.37%) (Rotaru et al. 1992). Those isotopes are stable and they don’t decay over time.
Hence, the isotopic ratio (53Cr/52Cr for example) does not change automatically with time.
Therefore, Cr isotopic ratios can be used to trace sources of Cr. Further, Cr isotopic ratios
can be shifted to a unique extent by a specific process, and thus it can also be used to
identify processes. The extent of isotopic shift (i.e., isotope fractionation) is dependent on
the mass difference of isotopes. For example, the shift in 53Cr/52Cr is about half of the
shift in 53Cr/52Cr (see Young et al. 2002).
1.2 Uranium isotope systematics
Uranium (U) is mainly composed of two primordial isotopes, 238U (0.9928) and 235U
(0.0072), both of which are radioactive with half-lives of 4.5 and 0.7 billion years, respec-
tively. Therefore, strictly speaking, “stable isotope” cannot be applied to U.
The 238U/235U ratio used to be assumed to be constant (137.88) in U-Pb geochronol-
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ogy. The development of multi-collector mass spectrometer in the last decade enabled de-
tection of sub per mil scale variation in 238U/235U, leading to necessary consideration of
natural variation in 238U/235U in U-related geochronology applications (Stirling et al. 2007).
The 238U/235U ratio in geologic samples have varied from 4.9 at 4 billion years ago
to about 137.88 at presentover, due to different decay speeds of the two isotopes, from about
. However, when the ratio is normalized to a standard (§1.6), the variation in 238U/235U
we observe today would be the same as billions of years ago, since the standard has been
decaying at the same speed as the samples.
In contrast to Cr, shift in U isotopic ratio is not controlled by mass difference of
238U and 238U, but on the volume of the nuclei (Abe and Hunkeler 2006; Schauble 2007).
This nuclear volume effect causes the observed U isotope fractionation to be in opposite
direction to that of Cr isotope fractionation. More details about the nuclear volume effect
will be described in chapter 3 and 4.
1.3 Cr and U isotopes as remediation monitors
Industrial use of Cr and U metals has brought wide-spread contaminations to the environ-
ment in the past decades (Palmer and Wittbrodt 1991; Bleise et al. 2003). Those metals are
very mobile in surface environments and they eventually infiltrate down into groundwater
or run off into surface water streams, posing health hazards to humans and wildlives that
depend on these water resources.
The mobility of those two metals in natural settings is strongly controlled by their
redox state and speciation (Langmuir 1978; Rai et al. 1987). Under neutral to slightly basic
conditions, Cr and U are mobile as Cr(VI) and U(VI), but immobile as Cr(III) and U(IV).
Therefore, by creating reducing conditions in natural settings, it is possible to reduce these
two metals in situ and therefore immobilize them.
Typical in situ remediation methods include permeable reactive barrier (PRB),
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biostimulation, and natural attenuation (Lovley et al. 1991; Palmer and Puls 1994; Roh
et al. 2000). PRBs contain reducing agents (e.g., zero-valence Fe) that are able to reduce
the mobile metal ions in groundwater. Biostimulation involves injecting organic matter
into to the subsurface to stimulate growth of microorganisms. The microorganisms then
use organic matters as electron donors and Cr(VI) and/or U(VI) as electron accepters to
harness energy, much in the same way that we use food as the electron donor and oxygen
as the electron accepter. Natural attenuation is relying on natural reductants to reduce the
contaminants, based on careful evaluation of the site-specific natural reducing capacity.
Whether such remediation methods are successful needs to be monitored reliably
in order to adjust remediation strategy timely. In the past, concentrations of Cr and U
were measured periodically to monitor the effectiveness of reduction. The major draw-
back of this method is that concentration can also be affected by adsorption, mixing with
uncontaminated groundwater, and advection of complex plumes past monitoring points.
Ellis et al. (2002) first realized that stable isotopes of Cr can be used to detect
and potentially quantify the extent of reduction. This proposal was based on the labora-
tory observation that large and systematic changes in 53Cr/52Cr of the remaining Cr(VI)
occur as a function of the extent of reduction of Cr(VI). Bopp et al. (2010) first observed
in field reduction experiments that 238U/235U of U(VI) in groundwater also changes sys-
tematically with decreasing U(VI) concentrations. Therefore, measurements of 53Cr/52Cr
and 238U/235U in groundwater can potentially be used to detect and quantify reduction,
provided the isotope fractionation factors of various reduction reactions are known. Since
the publication of these discoveries, many laboratory experiments have been conducted
to investigate the Cr and U isotope fractionation factors of various reduction mechanisms
(Sikora et al. 2008; Døssing et al. 2011; Kitchen et al. 2012; Basu and Johnson 2012; Basu
et al. submitted), and many experiments in this field are still going on.
Questions still remain to be answered in order to fully develop Cr and U isotopes as
3
remediation monitoring techniques. Successful application of Cr and U isotopes as reduction
indicator and quantifier requires that there is no isotopic exchange between the remaining
mobile species and the reduced immobile species. This assumption may be valid for Cr
since the isotopic exchange between Cr(III) and Cr(VI) has been suggested to be very
slow under acidic conditions where both Cr(III) and Cr(VI) are dissolved (Altman and
King 1961; Zink et al. 2010). However, no experimental data has been published for the
isotopic exchange kinetics between solid Cr(III) and dissolved Cr(VI) as well as between
solid U(IV) and dissolved U(VI), which is more relevant to natural settings. If isotopic
exchange is significant and occurs on a short time scale, the isotopic composition of the
remaining dissolved Cr(VI) and U(VI) could be overprinted. Using this overprinted isotopic
composition of the remaining mobile reactant to quantify reduction will cause incorrect
estimates.
Another potential challenge is reoxidation of produced Cr(III) and U(IV) during
remediation. Studies have discovered oxidation of Cr(III) by manganese oxides can shift
Cr(VI) isotopic ratio significantly (Ellis et al. 2008). Biogenic U(IV) is shown to be rapidly
oxidized by air, manganese oxides, and nitrate (Senko et al. 2002; Finneran et al. 2002; Kom-
los et al. 2008; Plathe et al. 2013). At a site where reduction of U(VI) has occurred, later
reoxidation of the isotopically heavy product could potentially be detected using 238U/235U
measurements. Alternatively, when 238U/235U measurements are used to monitor U(VI)
reduction, U(IV) oxidation that might occur simultaneously in other parts of the systems
could complicate 238U/235U data interpretation. Clearly, an understanding of isotope frac-
tionation during oxidation of U(IV) is needed, in order to fully develop the use of 238U/235U
measurements in a variety of contaminant-related applications.
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1.4 Cr and U isotopes as paleoredox proxies
The evolution of the redox state of the ocean-atmosphere system is one of the most intriguing
and fundamental scientific questions. It has profound influence on the evolution of life and
the cycling of many elements on earth’s surface (Reinhard et al. 2013). There is a general
consensus that oxygen content on earth’s surface gradually increased over geologic time
from prebiotic levels (< 10−5 of present atmospheric level) to the current level (Kump
2008). However, much debate still surrounds the timing of the evolution of earth’s surface
redox state (Frei et al. 2009; Kendall et al. 2013; Crowe et al. 2013; Reinhard et al. 2013).
The redox sensitive nature of 53Cr/52Cr and 238U/235U makes them attractive candi-
dates as proxies for the redox state of the ocean. For example, steady-state balance between
Cr(VI) and U(VI) supplies to, and the sinks in the ocean maintains an invariant isotopic
composition of oceanic Cr and U. When the ocean experiences an episode of anoxia due to
enhanced organic productivity, Cr(VI) and U(VI) are partially reduced to insoluble Cr(III)
and U(IV), which precipitate out and are buried in marine sedimentary rocks. Since partial
reduction of U(VI) and Cr(VI) causes isotope fractionations, the isotopic composition in
well-preserved sedimentary rocks can potentially be used to decipher the extent and dura-
tion of such ocean anoxic events. Since U has ∼500 kyr residence time (Dunk et al. 2002),
much longer than ocean water mixing time (∼1500 yr), it can potentially be used to track
global scale ocean redox state (Montoya-Pino et al. 2010; Brennecka et al. 2011b). In con-
trast, Cr has a residence time of ∼6000 years (Kharkar et al. 1968). Therefore, Cr isotope
can be potentially developed as a redox proxy at relatively high temporal resolutions.
The application of Cr and U isotopes as paleoredox proxies still face many chal-
lenges (Romaniello 2012). The isotope fractionation factors of many relevant processes in
the ocean-atmosphere system are still largely unknown. For example, in weakly reducing
environment where reduction is slow, the reduced Cr(III) and U(IV) and the remaining
Cr(VI) and U(VI) may have enough time to potentially evolve toward isotopic equilibrium.
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1.5 Questions to answer
The theme of this dissertation is to conduct laboratory experiments to (1) determine Cr(III)-
Cr(VI) equilibrium fractionations and isotopic exchange rates between solid Cr(III) and dis-
solved Cr(VI); (2) determine U(IV)-U(VI) equilibrium fractionations and isotopic exchange
rates between solid U(IV) and dissolved U(VI); (3) determine the isotope fractionations
caused by oxidation of solid and dissolved U(IV) by dissolved oxygen.
1.6 Notation
Notations used in this dissertation are defined here. Generally, isotope compositions of
substances are measured on a mass spectrometer as ratios (Ri/j) of two isotopes i and j. In
this dissertation, 50Cr/52Cr, 53Cr/52Cr and 238U/235U will be measured. Measured isotopic
ratios are then converted to a standard δ notation
δi/jM = (
R
i/j
sample
R
i/j
standard
− 1)103 h (1.1)
where M refers to Cr or U.
For Cr, 53Cr/52Cr and 50Cr/52Cr are reported relative to the isotope standard
SRM 979 (Ellis et al. 2002; Schoenberg et al. 2008), with a certified 53Cr/52Cr ratio of
0.11339±0.00015 and a 50Cr/52Cr ratio of 0.05186±0.00010 (National Institute of Standards
and Technology, U.S. Department of Commerce). For U, 238U/235U is reported relative to
the standard CRM 112-A (Bopp et al. 2010; Shiel et al. 2013) (New Brunswick Laboratory,
U.S. Department of Energy) with a calibrated 238U/235U ratio of 137.844±0.011 (Condon
et al. 2010).
Isotope fractionation can be caused by physical or chemical processes that change
an element from phase A to phase B
A↔ B (1.2)
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In physical processes such as diffusion or evaporation, light isotopes diffuse/evaporate faster
because of their smaller masses relative to heavy isotopes, resulting in different isotopic
ratios in different phases. In chemical reactions, isotope fractionation arises from the differ-
ences in stability of chemical bonds involving different isotopes. The stability is controlled
by the masses of isotopes for light to intermediate elements (Urey 1947) and controlled
by volumes of nuclei for heavy elements such as Hg, Tl, and U (Bigeleisen 1996; Schauble
2007; Abe et al. 2008). Theories underlying isotope fractionation will be discussed more in
chapters 2, 3 and 4.
Fractionation factors are used to describe the magnitude, or intensity, of isotope
fractionation
αA−B = RA/RB (1.3)
where RA and RB refer to the same isotopic ratio in reactant A and product B, respec-
tively. Under non-equilibrium conditions (i.e., no isotopic exchange between A and B), RA
refers to the isotopic ratio of the reactant pool and RB refers to the product flux. Under
equilibrium conditions, RA and RB refer to isotopic ratios of A and B when they are at
isotopic equilibrium.
The magnitude of equilibrium fractionation is conveniently expressed in Δ notation
(see Johnson et al. 2004)
∆i/jMA−B = δi/jMA − δi/jMB ≈ 103lnαA−B (1.4)
In contrast, kinetic fractionation is normally discussed in ε notation
εi/jMA−B = 1000(αA−B − 1) h (1.5)
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Chapter 2
Cr isotopic exchange kinetics
2.1 Introduction
The utilization of chromium in industry (e.g., corrosion control, leathering tanning, elec-
troplating) has caused widespread pollution of drinking water sources (Khasim et al. 1989;
Armienta et al. 1996; Jacobs and Testa 2005; Qiu 2011). Weathering of Cr-rich mafic rocks
can also cause contamination to soils and groundwaters (Robles-Camacho and Armienta
2000; Izbicki et al. 2008; Ndung’u et al. 2010). Under oxic conditions, Cr(VI) is present in
groundwater as chromate (CrO4
2-), hydrochromate (HCrO4
2-), or even dichromate (Cr2O7
2-)
at extremely high Cr(VI) concentrations, all of which are highly soluble and mobile. In
contrast, under reducing conditions, Cr(VI) is reduced to Cr(III), which is insoluble under
slightly acidic to alkaline conditions (Rai et al. 1987; Swayambunathan et al. 1989; Palmer
and Puls 1994). Cr(VI) is toxic, carcinogenic and possibly mutagenic, while Cr(III) is a
trace nutrient. Therefore, reducing Cr(VI) to Cr(III) via natural attenuation or managed
artificial reduction can serve as a remediation method of Cr contamination (Palmer and Puls
1994). Both biotic and abiotic reduction mechanisms have been found to reduce Cr(VI) to
Cr(III) (Blowes et al. 1997; Wielinga et al. 2001).
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Traditional method of monitoring remediation via concentration measurements can
sometimes give false impression of Cr(VI) reduction, because Cr(VI) concentration can also
be affected by adsorption to sediments, dilution by less polluted groundwater, or advection
of heterogeneous plumes past sampling points (Raddatz et al. 2010; Berna et al. 2010).
However, the Cr stable isotope monitoring technique (Ellis et al. 2002; Berna et al. 2010;
Raddatz et al. 2010; Wanner et al. 2011; Izbicki et al. 2012) can provide a more direct
indicator of Cr(VI) reduction, because reduction has so far been found to be the main
process responsible for significant Cr isotope fractionation (Ellis et al. 2004; Schoenberg
et al. 2008; Zink et al. 2010).
Cr isotope fractionation has also been used to study the evolution of ocean/atmosphere
oxygen levels in earth’s history (Frei et al. 2009; Lyons and Reinhard 2009; Konhauser et
al. 2011; Frei and Polat 2012; Crowe et al. 2013). This approach is based on changes in
the global Cr cycle in earth’s early history, where Cr(III) in continental rocks was oxi-
dized to Cr(VI) by manganese oxides in the presence of even small amounts of oxygen.
Mobilized Cr(VI) was then carried to the ocean by rivers, where it was reduced in the
vastly reducing ocean to insoluble Cr(III) to be buried in sediments. Therefore, primary
Cr isotope signatures in ancient marine sedimentary rocks are likely to be an archive of
paleo-ocean Cr isotope composition, which in turn provides a proxy for the oxygen content
of the ocean/atmosphere system in early earth’s history.
Cr isotope fractionation at low temperatures is attributed to differences in vibra-
tional frequencies of chemical bonds involving isotopes with different masses (Schauble
2004), although mass-independent Cr isotope fractionation has been reported in high tem-
perature reactions (Fujii et al. 2007). Mass-dependent isotope fractionation effects can
be classified into two distinct types: kinetic and equilibrium fractionations (Young et al.
2002). Kinetic fractionation, in which the isotope effects are driven by differences in reaction
rates between chemical bonds involving light and heavy isotopes, is often rationalized using
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the theory that chemical bonds involving lighter isotopes have higher zero point energies
(higher vibrational frequencies, and thus less stable) and react faster in a unidirectional
chemical reaction (Urey 1947; Bigeleisen 1965). As a result, as the reduction proceeds, the
remaining Cr(VI) becomes progressively enriched in heavier isotopes (e.g., 53Cr) while the
product Cr(III) becomes enriched in light isotopes (e.g., 52Cr). In contrast, equilibrium frac-
tionation is rationalized using the theory that, when at isotopic equilibrium, heavy isotopes
preferentially partition into phases characterized by stronger bonds in order to minimize the
system energy (Schauble 2004). Cr(VI) has tetrahedral bonds with oxygen atoms, which are
stronger than the octahedral bonds formed between Cr(III) and water molecules. Therefore,
at isotopic equilibrium, Cr(VI) tends to be isotopically heavier than Cr(III). Both kinetic
fractionation during reduction of Cr(VI), and equilibrium fractionation between coexisting
Cr(III) and Cr(VI), will cause Cr(VI) to be enriched in heavier isotopes.
Application of Cr isotope composition of Cr(VI) as reduction detector and quantifier
requires pure kinetic fractionation, without isotopic exchange between the reactant and the
product. For closed, well-mixed systems with no interaction between reactant Cr(VI) and
product Cr(III), the shift in 53Cr/52Cr during reduction of Cr(VI) is related to the extent
of Cr(VI) reduction by a Rayleigh distillation model:
δ53/52Cr = (δ53/52Crini + 10
3)fα−1 − 103 (2.1)
where δ53/52Cr refers to the isotopic compositions of the remaining Cr(VI) at the time
of sampling and δ53/52Crini refers to the isotopic composition of the initial Cr(VI), which
appears to be zero for most industrial Cr (Ellis et al. 2002; Berna et al. 2010; Izbicki et al.
2012) ; f refers to the fraction of remaining Cr(VI).
If the assumptions of the Rayleigh model are valid, and if α is known, one can
quantify the extent of reduction (f) by measuring δ53/52Cr of the remaining Cr(VI) in the
groundwater (Ellis et al. 2002). Researchers have been investigating a variety of inorganic
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reductants and microbial metal reducers to calibrate the fractionation factors (α, eqn 1.3)
of various reduction mechanisms (Ellis et al. 2002; Zink et al. 2010; Døssing et al. 2011;
Kitchen et al. 2012; Jamieson-Hanes et al. 2012; Basu and Johnson 2012). Dispersive
transport, mixing, and other complexities cause natural systems to violate the Rayleigh
assumptions; these challenges have been studied elsewhere (Abe and Hunkeler 2006; Berna
et al. 2010; Wanner et al. 2011). Here, we examine the potential for isotopic exchange
between Cr(VI) and Cr(III) to impact the interpretation of Cr(VI) isotopic composition.
In a natural system with coexisting Cr(VI) and Cr(III) that are not in isotopic
equilibrium initially, the Cr(VI) and Cr(III) will tend to evolve toward isotopic equilibrium,
though possibly at extremely slow rates. If the rates are fast enough, the original kineti-
cally induced isotopic compositions of Cr(VI) could shift significantly toward equilibrium
composition.
Isotopic exchange between Cr(III) and Cr(VI) can occur via electron transfers
53Cr(III) +52 Cr(V I)↔ 53Cr(IV ) +52 Cr(V ) (2.2)
53Cr(IV ) +52 Cr(V )↔ 53Cr(V ) +52 Cr(IV ) (2.3)
53Cr(V ) +52 Cr(IV )↔ 53Cr(V I) +52 Cr(III) (2.4)
The outcome of this three-step electron transfer process is that Cr(VI) and Cr(III) have
exchanged one isotope with each other:
53Cr(III) +52 Cr(V I)↔ 53Cr(V I) +52 Cr(III) (2.5)
It is important to point out that in aqueous solutions, electron transfer typically
occurs when Cr(III) and Cr(VI) ions collide with each other, and three electron transfers
during a single collision is an extremely unlikely occurrence (Altman and King 1961; Zink
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et al. 2010). After the first electron transfer (eqn 2.2), the two intermediate species Cr(IV)
and Cr(V) then almost always separate from each other. The next electron transfer (eqn
2.3) occurs when the intermediate species produced in eqn 2.2 collide again. The final
electron transfer (eqn 2.4) occurs when the intermediate species produced in eqn 2.3 collide
again.
The actual interactions between Cr species are more complicated than this simple
model. For example, if electron shuttles such as quinones contained in inorganic acids
coexist with Cr(III) and Cr(VI) in aqueous solutions (Brose and James 2010), electrons can
be transferred between Cr(III) and Cr(VI) species by the shuttles, making it not necessary
for Cr(III) and Cr(VI) to collide with each other.
Aqueous Fe(III) and Fe(II) are known to undergo rapid isotopic exchange on time
scales of several minutes, via a similar electron transfer mechanism (Johnson et al. 2002).
However, Fe is an unusual case because only one electron transfer is required and there is
no difference in coordination between dissolved Fe(II) and dissolved Fe(III). In contrast,
Cr(VI) and Cr(III) have strongly contrasting bonding environments (Schauble 2004; Zink
et al. 2010), and three electron transfers are required, making the rate of isotopic exchange
much slower. Altman and King (1961) measured isotopic exchange rates between Cr(III)
and Cr(VI) under high concentration, high temperature, and acidic conditions, but their
results do not tell us if isotopic exchange is fast enough to matter in natural systems. Zink et
al. (2010) used a highly sensitive technique to monitor exchange between dissolved Cr(III)
and dissolved Cr(VI) at room temperature and lower concentration for about eight weeks,
but the challenge of separating Cr(VI) from Cr(III) using anion exchange chromatography
without significant cross contamination limited the ability to detect very slow exchange.
Whether significant isotopic exchange between Cr(III) and Cr(VI) may take place over
months or years is still not clear.
In some geochemical settings, Cr(VI) and Cr(III) may be in contact for years, so
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that even slow isotopic exchange can potentially alter initial isotopic compositions. For
example, in a contaminated groundwater system, an average Cr(VI) atom might take ten
years or more to pass through an aquifer containing slow, natural Cr(VI) reduction and
abundant Cr(III) deposited by earlier reduction. Theoretical calculation predicts an equi-
librium fractionation (Δ, eqn 1.4) of 6–7 h at 25 ◦C (Schauble et al. 2004; Ottonello and
Zuccolini 2005), which is about twice as large as the kinetic isotope fractionations during
Cr(VI) reduction (Ellis et al. 2002; Zink et al. 2010; Døssing et al. 2011; Kitchen et al. 2012;
Jamieson-Hanes et al. 2012; Basu and Johnson 2012). In such a scenario, if significant iso-
topic exchange between Cr(III) and Cr(VI) occurs, isotopic composition of Cr(VI) set by
kinetic isotope fractionation during Cr(VI) reduction could be overprinted.
During oxidation of continental rocks, pore water Cr(VI) in soils or weathering rocks
may be in contact with Cr(III) for long periods of time before the Cr(VI) is flushed into rivers
and carried to the ocean. Thus, any initial Cr isotope fractionation imparted by oxidation
of Cr(III)-bearing minerals, or lack thereof, could be overprinted by later exchange and
evolution toward isotopic equilibrium. In many geochemical systems where Cr isotopes are
applied, the equilibrium fractionations and the Cr isotopic exchange rates are important
informations for interpreting Cr isotope data.
In this study, we conducted high concentration, acidic-pH experiments to determine
the equilibrium fractionation between Cr(VI) and Cr(III), and low concentration, neutral-
pH experiments to measure the isotopic exchange rates between solid Cr(III) and dissolved
Cr(VI).
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2.2 Experiments and Methods
2.2.1 High concentration, acidic-pH experiments
We conducted three experiments, at 60 ◦C, 40 ◦C and 25 ◦C, with high Cr concentra-
tions and low pH, in order to measure equilibrium isotope fractionation (Δ value, eqn 1.4)
between dissolved Cr(VI) and dissolved Cr(III). At higher temperatures and higher concen-
trations, interactions between Cr(III) and Cr(VI) are faster and isotopic equilibrium can
be approached in a relatively short period of time (Altman and King 1961). K2CrO4 and
CrCl3 salt were dissolved in 18 MΩ deionized water to generate 0.4 mol L-1 Cr(VI) stock
and 0.4 mol L-1 Cr(III) stock. The δ53/52Cr of both the Cr(III) and Cr(VI) were measured
to be 0.0±0.1h. Equal amount of the Cr(VI) and Cr(III) stock were mixed to generate
experimental solutions containing 0.2 mol L-1 Cr(VI), 0.2 mol L-1 Cr(III), 0.4 mol L-1 K+,
and 0.6 mol L-1 Cl-. Immediately after mixing, a small amount of 6 M HCl was added to
bring the pH down to 1.2±0.1 to prevent precipitation of Cr(III). Three identical exper-
imental solutions were contained in individual 15 mL PFA beakers shielded from light to
avoid photochemical reactions. The beakers were closed with air headspace and placed at
three different temperatures, 60 ◦C, 40 ◦C and 25 ◦C. No oxidation was observed during
experiment period (see results). Experiments were sampled periodically, and immediately
diluted ∼5200 times with ultrapure water to effectively stop exchange. The diluted sam-
ples were stored at room temperature for up to 15 days before separation of the Cr(III)
and Cr(VI) by anion exchange chromatography. Isotopic compositions of both Cr(VI) and
Cr(III) were measured. Isotopic exchange after dilution is considered to be negligible, as
our experiments with 0.2 mol L-1 Cr(III) and Cr(VI) showed no fractionation at 25 ◦C on
this timescale (see results).
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2.2.2 Low concentration, neutral-pH experiments
We conducted five experiments at pH 7 and 25 ◦C with varying solid Cr(III) and dissolved
Cr(VI) concentrations, in order to find a rate equation that can be used to predict isotopic
exchange rates at broader concentrations in circumneutral pH conditions. In order to deter-
mine the exchange rate within an acceptable period of time, a highly sensitive method able
to resolve very small amounts of exchange was needed. In our experiments, solid Cr(III)
suspension with δ50/52Cr ≈ 502h was used to interact with dissolved Cr(VI) with a normal
isotopic composition, in the absence of oxidants and reductants. This setup allows us to
resolve a small extent of isotopic exchange in a reasonable period of time.
To make the 50Cr-enriched solid Cr(III), a small amount of pure 50Cr in the form
of Cr(III) in 0.46 M HCl was added to isotopically normal Cr(III) in 0.46 M HCl to make
δ50/52Cr around 500h. A NaOH solution was then added to the 50Cr-enriched Cr(III)
solution until the solution pH reached 7, and the solution was buffered with 25 mM HEPES
buffer solution. HEPES buffer has been found to be inert to Cr(VI) (Kim et al. 2001),
and it does not seem to complex with Cr(III) in our experiments, since such complexes
will solubilize Cr(III) particle and cross contaminate Cr(VI), which was not observed in
our experiments. The final solid Cr(III) suspension was in a medium with pH 7, 0.46 mol
L-1 NaCl, 25 mmol L-1 HEPES buffer. A Cr(VI) stock solution was made in the same
medium, but with no 50Cr added. The δ50/52Cr and concentration of the solid Cr(III)
were determined to be 502.7±0.9h and 0.0146±0.0015 mol L-1. Since the suspension was
constantly agitated during experiment and sampling, it is reasonable to use a mol L-1
unit for the solid Cr(III) suspension, to keep consistent with Cr(VI) in later calculation
of isotopic exchange rate. The δ50/52Cr and concentration of the dissolved Cr(VI) were
determined to be 0.0±0.9h and 0.0195±0.0020 mol L-1. The solid Cr(III) suspension and
the Cr(VI) solution were purged with pure N2 (passed through a heated copper wire O2
scrubber) to remove dissolved oxygen. Then the solid Cr(III) and dissolved Cr(VI) was
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stored unstirred for two weeks before using. XRD showed that the Cr(III) particles were
amorphous at the beginning of experiments as well as at the end of experiments (data not
shown). Previous studies suggested that freshly precipitated Cr(III) particles are crystalline
with a composition of Cr(OH)3.3H2O, but the crystals age with time to form amorphous
Cr(III) oxyhydroxide by losing water molecules (Giovanoli et al. 1973; Swayambunathan et
al. 1989). A confocal Laser Scanning Microscope image (Differential Interference Contrast
mode, ca. 250 nm resolution) (Fig. 2.1) showed that the Cr(III) particles are roughly 1 µm
in diameter, and the particles tend to coagulate.
Varying amounts of the solid Cr(III) suspension and the Cr(VI) solution were added
to a oxygen-free medium (pH 7, 0.46 mol L-1 NaCl, 25 mmol L-1 HEPES buffer) to generate
varying concentrations of dissolved Cr(VI) and solid Cr(III) (Table 2.1). Experiment sus-
pensions were contained in 125 mL glass serum bottles wrapped in aluminum foil to avoid
photochemical reaction, and placed on a shaker for constant agitation at 125 rpm at room
temperature. Samples were taken at intervals varying from 1.8 to 21 days with syringes
pre-purged with pure N2, and filtered with 0.23 µm nylon filters. Only Cr(VI) in the fil-
trate was measured for isotopic composition. Whereas Cr(VI) could be purified from the
experiments with extremely little cross-contamination (see methods below), extensive ex-
perimentation and testing showed the same could not be done with Cr(III). Samples filtered
for isotopic analysis of Cr(VI) were stored at room temperature for further purification by
anion exchange chromatography.
To avoid contamination, all lab wares involving 50Cr-enriched experiments was kept
separate from those used for experiments with natural isotopic composition.
2.2.3 Double spike method
A Cr double spike composed of 50Cr and 54Cr (50Cr/54Cr = 1) was used to correct potential
fractionation during sample preparation and mass spectrometry (Ellis et al. 2002; Schoen-
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berg et al. 2008). The double spike method also allowed a spike dilution calculation, which
yielded concentrations based on measured 54Cr/52Cr ratios and the amount of 54Cr added.
In the low concentration, neutral-pH experiments, since 50Cr was used as a tracer in
the experimental solutions, double spike method could not be used, and instead a standard-
sample bracketing method was used for these experiments.
2.2.4 Cr purification
For the high concentration experiments, diluted samples containing Cr(VI) and Cr(III)
were spiked with a 50Cr-54Cr double spike solution in both Cr(III) and Cr(VI) form. The
sample-spike mixtures were equilibrated overnight prior to any chemical separation steps.
Separation of Cr(VI) from Cr(III) and other matrix elements was achieved by anion ex-
change resin AG1X8 (100–200 mesh, Eichrom), based on the theory that Cr(VI) as CrO4
2-
adsorbs to the anion exchange resin while Cr(III), mainly as Cr(OH)6
3+, and other matrix
ions (mainly K+) are rinsed with dilute HCl. Chromatographic procedures were modified
from previously published methods (Ellis et al. 2002; Zink et al. 2010). Briefly, samples
were loaded onto 0.2 mL AG1X8 resin precleaned with 1 mL 5 M HNO3, 1 mL 6 M HCl,
and preconditioned with 2 mL nanopure water. Cations were rinsed with 2 mL (0.5 + 0.5
+ 1 + 1 increment) 0.2 M HCl. Cr(VI) was then reductively released from the resin by 3
mL (1 + 1 + 1 increment) 2 M HNO3 with 2% H2O2.
The collected Cr(III)-bearing solution has other matrix components. In order to
remove them, Cr(III) was oxidized to Cr(VI) by 3% H2O2 in 1 mol
-1 NH4OH three times
and then the oxidized Cr(VI) was purified following the same procedures described above.
For low concentration experiments where the 50Cr-enriched tracer was used, the
same separation procedures described above were used to purify Cr(VI) in filtrate, except
that no double spike was added before the column chemistry. Mass bias during analysis
was corrected for using a sample-standard bracketing method (see below).
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Procedural blanks were generally less than 0.1 ng, which was negligible compared
to the 1–2 µg sample Cr. For the double spike method used in high concentration, acidic-
pH experiments, the processed standard NIST SRM 3112-A yielded δ53/52Cr = −0.02 ±
0.10h (2SD, n=15), which agrees with previously published value (Schoenberg et al. 2008).
For the standard-sample bracketing method used in low concentration, neutral-pH experi-
ments, the processed SRM 979 yielded 0h δ50/52Cr normalized to the bracketing SRM 979
standard (unprocessed).
2.2.5 Mass spectrometry
Purified samples were dried down and taken up in 0.3 M twice-distilled HNO3 to attain
roughly 250 µg mL−1 Cr, which gives about 8 volts of 52Cr signal intensity. Isotopic ratios
were measured on a Nu Plasma multicollector ICP-MS (Nu Instrument, UK) coupled to a
DSN 100 desolvating system (Nu Instrument, UK). For the high concentration, acidic-pH
experiments, even though double spike method was used, unprocessed spiked standard NIST
SRM 979 was analyzed every four samples to monitor drift in instrument mass bias, which
was observed to be small (<0.1h) within a session. Therefore, samples were normalized to
the average δ53/52Cr of the bracketing standards.
For the low concentration, neutral-pH experiments, samples were analyzed for 50Cr/52Cr
ratio on the same instrument using a standard-sample-standard bracketing method to cor-
rect instrument mass bias. The concentration of Cr(VI) was calculated using 52Cr signal
intensity normalized to that of a bracketing standard, which had a known concentration.
Each sample was bracketed by two unprocessed NIST SRM 979 standards with similar con-
centrations (within 10%). The average mass bias factor calculated from the two bracketing
standards before and after each sample was used to correct mass bias of the sample, assum-
ing linear change in mass bias within a bracketing cycle. Each sample was analyzed by up
to three times and the averaged values were used.
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The instrument was set in pseudo-high resolution mode to avoid interferences at
masses 52 (40Ar12C), 53 (40Ar13C), and 54 (54Fe and 40Ar14N) (Weyer and Schwieters 2003).
50Ti and 50V are potential interferences on 50Cr measurement, but they were extremely
small in our experiments where clean Cr solutions were used. They were monitored in the
high-precision double spike analyses (via measurement of 49Ti and 51V) and confirmed to
be negligible. Therefore, 50Ti and 50V were not corrected in the standard-sample-standard
bracketing measurement of low concentration experiment samples.
2.2.6 Analytical uncertainties
The external analytical uncertainties for the double spike method and the standard-sample-
standard bracketing method were ±0.1h and ±0.9h at 95% confidence level, respectively,
calculated as twice the root mean square (RMS) of duplicate preparation and analysis
2σ = 2×RMS = 2×
√√√√√ n∑i=1(i1 − i2)2
2n
(2.6)
where i1 and i2 refers to two duplicate preparations and analyses of sample i; n is the
number of duplicates (n=12 for high concentration experiments and 5 for low concentration
experiments).
The external uncertainties for concentration measurement (eqn 2.6) was 12% (n =
12) and 15% (n = 14) for the double spike method and the standard-sample bracketing
method, respectively.
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2.3 Result
2.3.1 High concentration, acidic-pH experiments
Results for the high concentration experiments are summarized in Table 2.2 and plotted
in Fig. 2.2. The concentration ratio of Cr(VI) and Cr(III) remained constant within
the measurement uncertainty during the experiments, suggesting negligible oxidation or
reduction. Cr(III) and Cr(VI) isotopic compositions started from δ53/52Cr = 0.0±0.1h and
diverged away from each other until isotopic equilibrium was attained.
At isotopic equilibrium, the offset in δ53/52Cr equals the equilibrium fractionation
(Δ53/52CrVI-III, eqn 1.4). At 60 ◦C, the system reached equilibrium after about 50 days,
with Δ53/52CrVI-III = 5.3±0.2h. At 40 ◦C, the system took roughly about 500 days to reach
equilibrium, with Δ53/52CrVI-III = 5.7±0.2h. At 25 ◦C, only a small extent of exchange
occurred in 684 days. Based on results from the 60 ◦C and 40 ◦C experiments and the
expected relationship between equilibrium fractionation and temperature (Kim and O’Neil
1997)
∆ =
a× 102
T 2
+ b (2.7)
Δ53/52CrVI-III is estimated to be 6.1±0.4h at 25 ◦C. The larger uncertainty at 25 ◦C is
contributed by the uncertainty in the estimated temperature dependence of Δ53/52CrVI-III.
2.3.2 Low concentration, neutral-pH experiments
Results from the low concentration experiments are summarized in Table 2.3 and are plot-
ted in Fig. 2.3. The concentration of Cr(VI) showed no observable oxidation of Cr(III).
The decrease in concentration at the beginning of experiments 2 through 5 was attributed
to adsorption of Cr(VI) onto the Cr(III) solid phase. Experiment 1 had no resolvable de-
crease because this experiment had thigh Cr(VI):Cr(III) ratio, and thus weaker adsorption
was expected. Concentrations of adsorbed Cr(VI), calculated from initial losses of Cr(VI)
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relative to the total injected, is given in Table 2.1.
All experiments showed resolvable shifts in the δ50/52Cr values of the dissolved
Cr(VI) in less than two months: the Cr(VI) shifted toward the isotopic composition of
the Cr(III). Experiments with higher Cr(III)/Cr(VI) concentration ratios showed larger
isotopic shifts. These results suggest significant isotopic exchange effects occurred over
time scales of a few months, for conditions that are somewhat similar to those that might
be found in contaminated aquifers or soils. However, the Cr(VI) δ50/52Cr shifts observed are
relatively small compared to the 502.7h initial difference between the Cr(VI) and Cr(III).
The rate of change in δ50/52Cr of the dissolved Cr(VI) decreased noticeably during
the course of most of the experiments. Those trends are consistent with those expected
for approach toward isotopic equilibrium, but only if the amount of exchangeable Cr(III) is
very small. This is almost certainly the case, as Cr atoms in the interior of the solid Cr(III)
particles are unavailable for isotopic exchange. Interpretation of these results requires care-
ful consideration of mass balance, in particular, estimates of the mass of Cr(III) available
for exchange.
2.4 Discussion
2.4.1 Cross contamination
For the high concentration, acidic-pH experiments. Recovery during the AG1X8 resin
purification procedure was about 95% for Cr(VI) and about 92% (about 3% loss in the first
column chemistry and 5% in the second column chemistry) for Cr(III) on average, which
means about 5% of the Cr(VI) fraction was eluted together with the Cr(III) fraction and
about 3% of the Cr(III) fraction was eluted together with the Cr(VI) fraction. Therefore,
all data points in those experiments were subject to a correction for cross contamination
during chemical separation, assuming 5% of the Cr(VI) fraction mixes with 97% of the
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Cr(III) fraction and 95% of the Cr(VI) fraction mixes with 3% of the Cr(III) fraction. Both
corrected and uncorrected δ53/52Cr are listed in Table 2.2, but the offset in δ53/52Cr of
Cr(VI) and Cr(III) is only calculated using corrected values.
For the low concentration, neutral-pH experiments, cross-contamination of Cr(VI)
from extremely small amounts of Cr(III) during separation was potentially an important
concern due to the large isotopic contrast between them. However, in these experiments,
Cr(III) was insoluble, with solubility of 1.7 × 10−7 mol L−1 at pH 7 (Rai et al. 1987). Cross
contamination from Cr(III) on Cr(VI) is expected to be the greatest in experiments with
the lowest Cr(VI) concentration. In experiment 4 (Table 2.1), with 1.92 × 10−5 mol L−1
Cr(VI) and 9.62 × 10−4 mol L−1 mol L−1 total solid Cr(III), 1.7 × 10−7 mol L−1 Cr(III)
will be dissolved and pass through the filter together with Cr(VI). Assuming conservatively
that 5% of this dissolved Cr(III) is retained with the Cr(VI) (in practice it would be 3% on
average), the cross contamination from Cr(III) (502h δ50/52Cr) on Cr(VI) (0h δ50/52Cr)
would be about 0.2h, which is smaller than the analytical uncertainty (±0.9h). Cross
contamination will be smaller for later Cr(VI) samples of experiment 4 since Cr(III) and
Cr(VI) will become closer to each other in isotopic composition over time. Contamination
on Cr(VI) for other experiments with higher Cr(VI) will be even smaller. In practice, we
did not observe elevated δ50/52Cr in the first sample of each experiment, demonstrating
Cr(VI) was not contaminated by the 50Cr-enriched Cr(III) solid.
2.4.2 Cr speciation and its effects on equilibrium fractionations
Application of the results of our high concentration, acidic-pH experiments is affected
slightly by the speciation of Cr. Calculation using MINEQL 4.62.2 shows that in ordi-
nary groundwater systems with low Cr concentration and neutral pH, Cr(VI) is present
dominantly as chromate (CrO2−4 ) with some hydrochromate (HCrO
−
4 ) but no dichromate
(Cr2O
2−
7 ) present. In contrast, almost all Cr(III) is in solid state at pH 7, with a maxi-
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mum dissolved Cr(III) concentration of 1.7 × 10−7 mol L−1 (Rai et al. 1987). Speciation
in our high concentration, acidic-pH experiments was substantially different. Calculation
with MINEQL 4.62.2 shows that Cr(VI) was speciated into 75% Cr2O
2−
7 , 23% HCrO
−
4 ,
and 2% chromic acid (H2CrO4), with negligible CrO
2−
4 , and Cr(III) was speciated into 59%
Cr(H2O)
3+
6 , 39% Cr(H2O)5Cl
2+, and 2% Cr(H2O)4Cl
+
2 . It is likely for Cr(III) ions to form
complexes with Cr(VI) ions since they have opposite ionic charge. However, lack of thermo-
dynamic data for such complexes makes it impossible at this point to evaluate precisely their
impact on equilibrium fractionation. Our equilibrium fractionations are probably not in-
fluenced very heavily by Cr(III)-Cr(VI) complexes, though, because these complexes would
not alter the nearest neighbor bonding environments of the Cr(III) and Cr(VI).
In our high concentration, acidic-pH experiments, Cr(III) is dissolved and partly
chlorinated, and Cr(VI) is dimerized or protonated; therefore, the isotope effects associ-
ated with speciation need to be addressed if we want to know the equilibrium fractionation
between CrO2−4 and Cr(OH)3(H2O)3, which is more relevant at neutral pH. Previous exper-
iments did not find evidence of equilibrium fractionation between HCrO−4 and CrO
2−
4 (Ellis
et al. 2004). Theoretical calculation also suggests different Cr(VI) gaseous species, includ-
ing Cr2O
2−
7 , have <0.2h equilibrium fractionation, and aqueous Cr(VI) species have even
smaller equilibrium fractionation (Table 2.4, calculated using data from Ottonello and Ve-
tuschi Zuccolini (2005). The equilibrium isotope fractionation between gaseous Cr(H2O)
3+
6
and Cr(H2O)5Cl
2+ is about 0.5h, with the former being heavier, and similarly to Cr(VI),
aqueous Cr(H2O)
3+
6 and Cr(H2O)5Cl
2+ should have slightly less than 0.5h equilibrium
fractionation.
The 5.3±0.2h (60 ◦C), 5.7±0.2h (40 ◦C), and 6.1±0.4h (extrapolated to 25
◦C) equilibrium fractionations we obtained from our high concentration experiments re-
flect equilibrium fractionations between mixed Cr species: Cr(III) is a mixture of mainly
Cr(H2O)5Cl
2+ and Cr(H2O)
3+
6 , and that the Cr(VI) is a mixture of mainly Cr2O
2−
7 and
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HCrO−4 . Accordingly, estimation of the equilibrium fractionation between, for example,
CrO2−4 and Cr(H2O)
3+
6 requires additional calculation. Although it is reasonable to ignore
isotope effect between Cr(VI) species since they are small (<0.1h), the about 0.5h frac-
tionation between Cr(H2O)
3+
6 and Cr(H2O)5Cl
2+ can not be ignored. Removing the isotope
effect contributed by 39% Cr(H2O)5Cl
2+ using mass balance calculation decreases the equi-
librium fractionations (Δ value) by about 0.1h, 0.2h, and 0.3h for 60 ◦C, 40 ◦C, and 25
◦C, respectively, making the equilibrium fractionations between CrO2−4 and Cr(H2O)
3+
6 at
60 ◦C, 40 ◦C, and 25 ◦C to be about 5.2±0.3h, 5.5±0.3h, 5.8±0.5h, respectively.
These estimated equilibrium fractionations between CrO2−4 and Cr(H2O)
3+
6 can be
compared with theoretical estimates. Our results are consistent with estimates of 6–7h at
25 ◦C by Schauble (2007), and Ottonello and Vetuschi Zuccolini (2005). Further, it is
noteworthy to mention that the Δ53/52CrVI-III measured in this study are greater than
kinetic fractionations determined for reduction of Cr(VI) to Cr(III) by various mechanisms,
ranging from 1.8h to 4.5h (Ellis et al. 2002; Zink et al. 2010; Døssing et al. 2011; Kitchen
et al. 2012; Jamieson-Hanes et al. 2012; Basu and Johnson 2012).
If we take into consideration the equilibrium fractionation between Cr(H2O)
3+
6
and Cr(OH)3(H2O)3 of 0.2h, the former being lighter (Table 2.4) and assume there is
no significant equilibrium fractionation between aqueous Cr(OH)3(H2O)3 complex and
Cr(OH)3·3H2O in solid Cr(III), we can estimate the Δ53/52CrVI-III between CrO2−4 and
solid Cr(OH)3·3H2O to be 5.6±0.5h expressed as Δ53/52Cr(VI-III). Then, Δ50/52Cr(VI-III)
would be −5.6±0.5h × 2 = −11.2±1.0h, since Cr isotope fractionation is mass dependent
(negative sign comes from the fact that at isotopic equilibrium Cr(VI) favors heavy isotopes
while Cr(III) favors light isotopes). This value is used in the next section for extraction of
isotopic exchange rate.
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2.4.3 High concentration, acidic-pH experiment exchange rates
Isotopic exchange rates (R) were extracted from the experimental data by fitting to the
general isotopic exchange equation (McKay 1938; Cole and Chakraborty 2001):
− ln(1− F ) = R× t× [a] + [b]
[a]× [b] (2.8)
where F is the fraction of exchange, R is the rate of exchange; [a] and [b] are concentrations
of the two exchanging species; t is time. F is the progress toward isotopic equilibrium,
defined as:
F =
δt − δi
δe − δi (2.9)
where δt, δi, and δe are the isotopic composition at the time of sampling, the initial value,
and the equilibrium value, respectively.
For the high concentration, acidic-pH experiments, a = [Cr(III)]dissolved (mol L
−1), b
= [Cr(VI)]dissolved (mol L
−1), and δ = δ53/52Cr(VI) in eqn 2.8. In eqn 2.9, δi was 0.0±0.1h;
δ53/52Cr(VI)e values were measured or, in the case of the 25 ◦C experiment, extrapolated
from higher temperature experiments.
From eqn 2.8, the plot of −ln(1 − F ) vs. time yielded a straight line, and the
exchange rate for each experiment can be calculated from the slope and presented in Fig.
2.2 and Table 2.2. Using the isotopic exchange rate R and the equilibrium isotope values,
the half-lives (time to reach F = 0.5) of Cr isotopic exchange at 60 ◦C, 40 ◦C, and 25 ◦C
are estimated to be 8.3±0.6, 101.5±7.1, and 2214.7±155.0 days, respectively.
According to the rate law by Altman and King (1961), the rate of isotopic exchange
between dissolved Cr(III) and dissolved Cr(VI) is proportional to the rate coefficient k
for given concentrations of Cr(VI), Cr(III) and H+, and k is dependent on temperature
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according to the Arrhenius equation:
k = A× e
−Ea
Rg×T (2.10)
where k is the rate coefficient; A is the pre-exponential constant; Ea is activation energy in
J mol−1; Rg is the gas constant (8.314 J mol−1 K−1); and T is temperature in Kelvin. From
the relationship between isotopic exchange rates and temperatures listed in Table 2.2, the
activation energy of the isotopic exchange reaction between Cr(III) and Cr(VI) under our
high concentration, acidic-pH experiment conditions is estimated to be 131±18 kJ mol−1.
Using this activation energy and the rate law determined at 94.8 ◦C by Altman and King
(1961), the isotopic exchange rate is extrapolated to be 2.7 (± 0.3) × 10−5 mol L−1 day−1 at
similar conditions as our 25 ◦C experiment, which agrees well with our measured exchange
rate of 3.1 (± 0.3) × 10−5 mol L−1 day−1).
2.4.4 Low concentration, neutral-pH experiment exchange rates
We chose to carry out low-concentration experiments at neutral pH, with Cr(III) in solid
form, because these conditions are somewhat similar to natural conditions. In the high
concentration, acidic-pH experiment, where both Cr(VI) and Cr(III) were dissolved, the
constant motion of Cr(III) and Cr(VI) atoms made the three-electron transfers between
Cr(III) and Cr(VI) discontinuous and inefficient, leading to extremely slow exchange rate,
even at extremely high concentrations (see § 2.1 and 2.4.3). With the presence of adsorbing
surfaces provided by Cr(III) solid surfaces, adsorbed Cr(VI) may be able to keep in contact
with Cr(III) more consistently and therefore make multiple electron transfers much more
likely to occur before the Cr(VI) and Cr(III) separate. Accordingly, we suggest that isotopic
exchange is enhanced when the Cr(III) is in solid form, relative to the dissolved case.
However, the fact that Cr(III) is solid means that most likely only Cr atoms on the surfaces
of the Cr(III) solids are able to interact with Cr(VI). Thus, knowledge of the active fraction
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of Cr(III) atoms (those able to interact with the solution) is essential to interpreting our
data and obtaining a rate law that can be applied to natural settings.
Furthermore, we suggest the rate of isotopic exchange is controlled by the abundance
of Cr(VI) species adsorbed onto Cr(III) surfaces. The adsorbed Cr(VI) and the dissolved
Cr(VI) should be able to maintain isotopic equilibrium, given constant adsorption and
desorption and the slow rate at which isotopic compositions change. Accordingly, the
isotopic composition of the dissolved Cr(VI) (the measured pool) is affected indirectly by
the isotopic exchange between adsorbed Cr(VI) and surficial Cr(III), but the exchange rate
is controlled by the adsorbed Cr(VI) concentration.
Therefore, before calculating exchange rates for the low concentration, neutral-pH
experiments, discussions about the percentage of surface Cr(III) exposed to solution, and
adsorption of Cr(VI) onto Cr(III) solid surfaces, need to be presented.
2.4.4.1 Estimate of the fraction of Cr(III) exposed to the solution
The limited availability of 50Cr-enriched tracer made measurement of specific surface area
by BET method on the actual material used in these experiments impossible. Also, the
amorphous and hydrous nature of the Cr(III) particles makes BET measurement inaccurate
since the BET measurement requires dry particles.
However, a rough estimate of the percentage of surface active Cr atoms out of total
Cr atoms in a Cr(III) particle can be obtained based on the Cr(III) hydroxide crystal
structure and the size of our synthesized Cr(III) particles. Previous studies showed that
freshly precipitated Cr(III) hydroxide (by adding hydroxyls to Cr(III) solution, similar to
the procedure used in our experiments) has a crystalline structure Cr(OH)3·3H2O, composed
of hexagonal unit cells with lattice constants of a0 =5.047 A˚ and c0 = 4.73 A˚, as shown in
Fig. 2.4 (Giovanoli et al. 1973). From Fig. 2.4, a crystal can be viewed as composed of
many repetition units shown by the dashed rectangle, whose length (denoted by the arrow)
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is calculated to be 2.62 × 10−9 m from the length of the hexagon edge. The 1 µm particle
size gives 1 × 10−6/2.62 × 10−9 ≈ 382 such repetition unit. Each repetition unit has one
Cr atom, which gives 382 Cr atoms along a line through the crystal. Therefore, a rough
estimate for the percentage of active Cr is 2 / 382 ≈ 0.5%.
The actual percentage of active Cr atoms on amorphous Cr(III) particles is probably
less than 0.5%, and decreases slowly over time as the particles age. The Cr(III) hydroxide
has been suggested to age on a time scale of a few days when unstirred and even faster
when stirred (Spiccia and Marty 1986). As it ages, the crystalline structure turns into an
amorphous structure. Cr atoms in amorphous particles tend to form polymers by losing
water molecules. In other words, Cr atoms are a little more closely packed in amorphous
articles than crystals. However, the aging process is very slow at pH 7 (Spiccia and Marty
1986). The slowly decreasing surface area may have contributed to the decreasing slope of
the data points in Fig. 2.3 (middle panel) but the effect should be very small.
2.4.4.2 Adsorption of Cr(VI) onto Cr(III) solid surfaces
Our Cr(VI) concentration data suggest that adsorption of Cr(VI) to the solid Cr(III) ap-
proximately followed a Langmuir adsorption model (Table 2.1, Fig. 2.5):
[Cr(V I)]s =
1.74× 103[Cr(V I)]dissolved
1 + 1.39× 104[Cr(V I)]dissolved (2.11)
where [Cr(VI)]s refers to adsorbed Cr(VI) concentration (mol adsorbed Cr(VI) per mol solid
Cr(III)), and [Cr(VI)]dissolved refers to dissolved Cr(VI) concentration (mol dissolved Cr(VI)
per liter), respectively. Fig. 2.5 shows that, as dissolved Cr(VI) concentration increases, the
adsorbed Cr(VI) concentration per mole Cr(III) increased rapidly at low concentrations but
eventually approached a plateau value. This suggests the adsorption sites became gradually
saturated with adsorbed Cr(VI). The fraction of adsorbed Cr(VI) out of total Cr(VI) ranged
from 0.11 to 0.80 (Table 2.1), depending on the relative abundance of total Cr(VI), solid
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Cr(III), and the saturation state of solid Cr(III) surface sites.
The maximum ratio of adsorbed Cr(VI) relative to total solid Cr(III), when the
surfaces are saturated with Cr(VI), is about 0.11 (Fig. 2.5). If adsorption of anionic
Cr(VI) to positively-charged solid Cr(III) surfaces has 1:1 Cr(III)-Cr(VI) stoichiometric
ratio, the amount of Cr(III) atoms on the Cr(III) solid surface would account for 11% of
total Cr(III). This high percentage of surface Cr(III) atoms is much higher than the 0.5%
estimate based on 1µm particle size and Cr(OH)3·3H2O crystal geometry. One explanation
for the discrepancy is that the actual percentage of surface Cr(III) atoms is about twenty
times (11%/0.5%) higher than the estimate based on particle size and crystal geometry.
Such high percentage of surface Cr(III) atoms requires particle sizes much smaller than
1µm. It could be that the ∼1 µm particles shown in Fig. 2.1 are actually aggregates of
sub-micron, or even nano-scale, particles. The crystal geometry (Cr-Cr atomic distance)
could also have caused some error in the estimated 0.5% surface Cr(III), but the error is
not like to be as large as 20 times. Alternatively, adsorption of Cr(VI) to surface Cr(III)
sites does not obey the 1:1 Cr(III)-Cr(VI) stoichiometric ratio. If the 0.5% estimate based
on particle size and crystal geometry is not far from the real value, then the adsorption
data suggest that about 20 Cr(VI) atoms are attracted to each Cr(III) site. This may occur
only if a thick diffuse layer (Brown and Calas 2013) surrounds the surface of amorphous
Cr(III) particles, where multiple-layer adsorption could occur, with each layer only sharing
a fraction of the ionic charge from a Cr(III) site. However, whether such thick diffuse layer
can yield ∼20:1 Cr(VI)-Cr(III) ratio is unclear. This problem is still unsolved with the
current data set.
29
2.4.4.3 Extraction of low concentration, neutral-pH experiment exchange rates
using active Cr(III) and adsorbed Cr(VI) concentrations
Exchange rates were extracted following the same calculation procedures listed in eqn 2.8
and 2.9. However, parameters in those equations will be different from those of the high
concentration, acidic-pH experiments. In eqn 2.8, a = [Cr(III)]active (mol active Cr(III)
per liter), b = [Cr(VI)]total (mol Cr(VI) per liter). In eqn 2.9, δ = δ50/52Cr(VI); δi =
0h. Since the low concentration experiments did not reach isotopic equilibrium within the
experimental duration, we were not able to measure the final equilibrium values (δe) used
in eqn 2.9. However, we were able calculate δe values for those experiments according to
mass balance, using the relative masses and initial isotopic compositions of total Cr(VI)
and active Cr(III), as well as the extrapolated equilibrium fractionation (see §2.4.2):
δ50/52Cr(V I)e − δ50/52Cr(III)e = ∆50/52CrVI-III (2.12)
[Cr(V I)]total · δ50/52Cr(V I)e + [Cr(III)]active · δ50/52Cr(III)e =
[Cr(V I)]total · δ50/52Cr(V I)i + [Cr(III)]active · δ50/52Cr(III)i
(2.13)
in which δ50/52Cr(III)i = 502.7h, δ50/52Cr(VI)i = 0h, and Δ50/52CrVI-III = -11.2±1.0h;
note that small uncertainty in Δ50/52CrVI-III involved in extrapolating from high concentra-
tion, acidic-pH experiments would cause insignificant error on the calculated δ50/52Cr(III)e,
since δ50/52Cr(III)i is very large compared to δ50/52Cr(III)e. Also note that total [Cr(VI)] is
used in eqn 2.8 and eqn 2.13, because the adsorbed Cr(VI) can homogenize quickly with the
dissolved Cr(VI). In other words, the dissolved Cr(VI) is indirectly affected by the exchange
isotope between adsorbed Cr(VI) and the surface Cr(III), with the rate being controlled by
adsorbed Cr(VI) concentrations.
The estimate of the percentage of active Cr(III) based on an assumed crystalline
structure (see § 2.4.4.1) is most likely an overestimate when applied to our amorphous
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Cr(III) particles. Another way to constrain the percentage of active Cr(III) is to use our
isotope data. In the high concentration, acidic-pH experiments, Cr(III) was dissolved and
therefore percentage of active Cr(III) was 100%, and calculation using the dissolved Cr(III)
concentration produced clear linear relationship between −ln(1 − F ) and time (Fig. 2.2),
just as predicted by theory (McKay 1938; Cole and Chakraborty 2001). However, in the
neutral-pH experiments where only a small fraction of Cr(III) is active, using total Cr(III)
concentration in eqn 2.8 produced concave down curve instead of a straight line (an example
is given for experiment 3 in Fig. 2.6). This makes sense because the majority of Cr(III)
actually could not participate in the isotopic exchange. A linear plot of −ln(1−F ) vs. time
can only be obtained if the correct active Cr(III) concentration is used in the calculation
(Fig. 2.3-C3). Therefore, we can obtain an estimate of active Cr(III) concentration by
finding the value that makes the concave down curves as close to linear as possible (best
fit with R2 being closest to 1). Using this method, we constrained the percentage of active
Cr(III) for each experiment, ranging from 0.2% to 0.6%. Taking into consideration the
amorphous nature of Cr(III) particles and the tendency to coagulate, this agrees well with
our about 0.5% estimate based on the Cr(III) hydroxide structure and particle size of 1 µm.
Presented in Table 2.3 and Fig. 2.3 are the exchange rates extracted from the low
concentration, neutral-pH experimental data, using active Cr(III) and adsorbed Cr(VI) con-
centrations and the equilibrium fractionation extrapolated from high concentration, acidic-
pH experiments. These results show that faster exchange rates are associated with higher
adsorbed Cr(VI) concentrations. The half-lives of isotopic exchange are on timescales of
up to a few months, with Cr(VI) and Cr(III) concentrations on the order of 10−5 and 10−4
mol−1 L−1, respectively.
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2.4.5 Isotopic exchange mechanisms and the roles of Cr(III) solid surfaces
It has been proposed that the isotopic exchange between dissolved Cr(III) and dissolved
Cr(VI) conforms to an experimentally determined rate law (at a fixed acidic pH)
R = k · [Cr(V I)] 43 · [Cr(III)] 23 (2.14)
where R is the exchange rate and k is the rate constant at 94.8 ◦C (Altman and King 1961).
The non-integer reaction orders are indicative of a multi-step process involving intermediate
species Cr(V)
2Cr(V I) + Cr(III) = 3Cr(V ) (2.15)
followed by the rate-limiting step
Cr(III)∗ + Cr(V ) = Cr(V )∗ + Cr(III) (2.16)
followed by a rapid exchange between Cr(V) and Cr(VI)
Cr(V )∗ + Cr(V I) = Cr(V I)∗ + Cr(V ) (2.17)
where the “ * ” is used to distinguish the rare isotope. This proposed exchange mecha-
nism matched with the Altman and King (1961) experimental data, derived from acidic-pH
experiments where Cr(III) was dissolved.
The three-step electron transfer process described above is not very efficient when
both Cr(III) and Cr(VI) are free ions in solution, since ions in solutions are constantly in
random motion. Multiple electron transfers during a single collision are extremely unlikely.
Ions most likely tend to transfer one electron during one collision, after which the interme-
diate species separate. The next electron transfer only occurs when intermediate species
collide again. The exchange rate will be slower at low concentrations, since the collision
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probability between Cr(III) and Cr(VI) is proportional to each concentration. This may
be one of the reasons why Zink et al. (2010) did not observe significant isotopic exchange
between dissolved Cr(III) and dissolved Cr(VI) at low concentration and 25 ◦C in few weeks.
However, the situation is likely be different at neutral condition, where Cr(III) is
in solid form. The isotopic exchange rate at neutral condition is surprisingly fast, given
much lower concentration than the high concentration, acidic-pH experiment. We propose
that some of the Cr(VI) adsorbs to the Cr(III) solid and keeps in contact with the surface
Cr(III) for long enough time to finish three electron transfers. If this hypothesis is correct,
the frequency of isotopic exchange between Cr(VI) and Cr(III) should be solely related to
the number of Cr(VI) atoms close to Cr(III) atoms, which is given by the adsorbed Cr(VI)
concentration (mol adsorbed Cr(VI) L−1):
R = k · [CrO2−4 ]adsorbed (2.18)
in which R is the isotopic exchange rate (mol adsorbed Cr(VI) L−1 day−1); k is the rate
constant (day−1); [CrO2−4 ]adsorbed is the concentration of Cr(VI) adsorbed to solid Cr(III)
(mol adsorbed Cr(VI) L−1). The abundance of Cr(III) surface atoms is already taken into
account because it determines the number of adsorbed Cr(VI) atoms. Fig. 2.7 is a plot of our
calculated exchange rates vs. the concentration Cr(VI) adsorbed to Cr(III) particles. The
slope of near 1 strongly suggests the rate law depicted in eqn 2.18 is correct, with k = 0.002
day−1 at 25 ◦C and pH 7. The simple first reaction order with respect to adsorbed Cr(VI)
concentration suggests that steps involving intermediate species, if any, are not limiting the
rate of electron transfers, and electrons are efficiently transferred between surface Cr(III)
and adsorbed Cr(VI).
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2.4.6 Impacts of isotopic exchange on Cr(VI)
The major incentive of our kinetic experiments is to predict the timescales of the impact of
isotopic exchange on the isotopic composition of Cr(VI) and Cr(III) in geochemical systems
where they are in contact for long periods of time. However, in determining the impact of
isotopic exchange, one must also consider the maximum possible shift that would occur as a
result of the attainment of isotopic equilibrium. For example, in an aquifer with high Cr(VI)
concentrations and very little exchangeable Cr(III), mass balance dictates that approach
to isotopic equilibrium would shift the δ53/52Cr value of the Cr(VI) little while shifting the
exchangeable Cr(III) strongly. The fact that Cr(III) occurs as solid phases and thus most
of it is not exchangeable tends to limit the impact of isotopic exchange.
Quantitative estimates of the impact of exchange can be obtained by calculating
the equilibrium isotopic composition of the Cr(VI) using an equation derived from the
expression for the determined equilibrium fractionation
δV I.equ − δIII.equ = 5.8 (2.19)
and an equation of mass balance
λ ·MIII · δIII.equ +MV I · δV I.equ = λ ·MIII · δIII.ini +MV I · δV I.ini (2.20)
where δIII.ini and δVI.ini are the starting isotopic composition (δ53/52Cr) of Cr(III) and
Cr(VI), respectively; δIII.equ and δVI.equ are the equilibrium isotopic compositions of Cr(III)
and Cr(VI), respectively; MIII and MVI are the total mass of solid Cr(III) and dissolved
Cr(VI); λ is the percentage of active Cr(III). Solving eqn 2.19 and 2.20 gives the isotopic
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composition of Cr(VI) at equilibrium:
δV I.equ =
δV I.ini + λ · MIIIMV I · (δIII.ini + 5.8)
λ · MIIIMV I + 1
(2.21)
which shows that the impact of isotopic exchange on Cr(VI) isotopic composition depends
on relative mass and initial isotopic composition of Cr(III) and Cr(VI), as well as the
percentage of active Cr(III). For example, consider a plume of contaminant Cr(VI) with
δVI.ini = 0h exchanging isotopes with previously reduced Cr(III) with δIII.ini = −2h derived
from earlier reduction. At isotopic equilibrium, δVI.equ varies with MIII/MVI and λ as shown
in Fig. 2.8, which shows that the impact of isotopic exchange increases with increasing
percentage of active Cr(III) and increasing mass ratio of MIII/MVI. However, Fig. 2.8
also shows that as MIII/MVI and λ increases, the impact approaches a maximum value of
δIII.ini + 5.8h. This means that if the initial solid Cr(III) isotopic composition is close to
−5.8h, the impact of isotopic exchange on Cr(VI) would be close to 0h. In summary, the
impact of isotopic exchange on isotopic composition of Cr(VI) increases as MIII/MVI and
the percentage of active Cr(III) increases, and the maximum impact is controlled by the
initial isotopic composition of Cr(III).
The timescales of isotopic exchange can also be greatly affected by the size of the
exchangeable Cr(III) pool relative to that of the Cr(VI) pool. The time scale for attainment
of isotopic equilibrium as a function of MIII/MVI and λ can be derived from eqn 2.8 and
2.18 (masses of Cr are used here instead of concentrations):
t =
−ln(1− F ) · λ · MIIIMV I
k · fs · (1 + λ · MIIIMV I )
(2.22)
where fs is the percentage of adsorbed Cr(VI) and k is the rate constant determined to
be 0.002 day-1. In a real aquifer, Cr(III) particles only account a very small fraction of
sediments (e.g., 1000 µg g-1 Cr(III)) and only part of Cr(VI) is adsorbed to particle surfaces,
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then it is reasonable to assume 0.1% of Cr(VI) is adsorbed to Cr(III), i.e., fs = 0.001. For
this case, isotopic exchange half-life (t1/2 when F = 0.5) can be plotted against λ and
MIII/MVI (Fig. 2.9), which shows that the half-life is predominantly longer than 100 years
for λ<1%. This is because in natural settings, only a very small fraction of Cr(VI) is
adsorbed to C(III) solid surfaces, causing extremely slow exchange rates. Therefore it
would take a very long time for such slow exchange to modify the isotopic composition of
the total Cr(VI) pool, including dissolved Cr(VI) and large amount of Cr(VI) adsorbed to
other sediment surfaces. This suggests that isotope exchange is not likely to overprint the
isotopic composition of Cr(VI) on typical remediation time scales.
Our rate law provides only a rough estimate of the impact of isotopic exchange on
the Cr(VI) isotope signature left by kinetic fractionation during reduction. Real situations
are more complicated. Several additional considerations suggest that isotopic exchange
rates will tend to be even slower than those predicted by the model, all other conditions
being equal. First, Cr(III) particles in Cr-contaminated aquifers are likely to have aged for
years through polymerization leading to small percentage of active Cr(III) (Giovanoli et al.
1973; Spiccia and Marty 1986; Swayambunathan et al. 1989). Second, the solid Cr(III) is
probably occluded by organic matter or other oxyhydroxides, making Cr(III) more difficult
to interact with Cr(VI). Third, in our experiments, Cr(VI) adsorption was strong because
Cl− was the only other anion in solution, and it does not compete strongly for adsorption
sites. Other anions (e.g., SO4
2-) existing in real groundwater can more effectively compete
against CrO4
2- for adsorbing sites on the surface of Cr(III) particles. Therefore, we expect
that the time required for Cr(VI) to reach isotopic equilibrium with Cr(III) in natural
settings could be longer than the model predicts. However, in certain areas close to the
contaminant sources, years of reduction probably has accumulated large amount of Cr(III)
solids. In these particular settings, isotopic exchange would have much greater potential
to greatly shift the isotopic composition of the relatively small amount of Cr(VI) pool. In
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addition, in situations where Cr(III) is complexed with organic matter and thus solubilized,
isotopic exchange could potentially have great impact on the isotopic composition of Cr(VI),
since more Cr(III) can interact with Cr(VI). In these situations, time scales of reduction of
Cr(VI) by organic matters relative to the time scales of isotopic exchange between organic-
bound Cr(III) and dissolved Cr(VI) will determine the importance of isotopic exchange
effect. Thus, while the results of this study suggest isotopic exchange may have important
impacts, and certain special conditions may increase their likelihood, further study is needed
to determine precisely the size of isotope shifts that may occur in real systems.
The isotopic exchange effect on δ53/52Cr of Cr(VI) is further complicated by the
history of the system, as it determines the initial isotopic composition of Cr(III) and Cr(VI).
Present Cr(III) may have exchanged isotopes with previous Cr(VI), resulting in shifted
δ53/52Cr values toward isotopic equilibrium. Therefore, subsequent partially reduced Cr(VI)
migrating to old Cr(III) may not need much further isotopic exchange with old Cr(III).
Therefore, the effect of isotopic exchange on previously established kinetic fractionation
signatures on Cr(VI) can be greatly affected by changes in the system that lead to influxes
of isotopically different Cr(VI). On the other hand, if reduction of Cr(VI) is occurring
concurrently with isotopic exchange, a new layer of Cr(III) is constantly being added to
the existing Cr(III) particles. In such cases, δ53/52Cr of the newly produced Cr(III) flux
can be predicted by the δ53/52Cr of concurrent Cr(VI) if we know the kinetic fractionation
Δ. Importantly, this constant addition of new Cr(III) works against the limitation noted
above, whereby the expected small size of the exchangeable Cr(III) pool limits the impact
of exchange.
Overall, it is clear that the impact of isotopic exchange on the Cr(VI) and Cr(III)
in real systems is complex and highly dependent on the characteristics and history of the
system. Thus, it is impossible to give precise predictions at this stage. However, the results
of this study indicate that isotopic exchange is potentially important in all systems, and
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likely to have an important impact in settings where Cr(III) solids with very large surface
area are present.
2.4.7 Implications for various geochemical settings
Although the discussion above focuses on the main application of Cr isotope analyses in
Cr(VI)-contaminated groundwater, isotopic exchange between Cr(III) and Cr(VI) is also an
potentially important process during oxidative weathering of Cr(III) minerals. Oxidation of
Cr(III)-rich rocks have been documented to cause natural contamination of groundwater and
soils (Ottonello and Zuccolini 2005; Izbicki et al. 2008; Ndung’u et al. 2010). And studies
have found evidence that oxidation produces Cr(VI) isotopically heavier than Cr(III) (Ellis
et al. 2008; Frei and Polat 2012; Crowe et al. 2013; Berger and Frei 2014). In contrast,
industrially produced Cr contamination sources appear to have 0h δ53/52Cr (Ellis et al.
2002; Berna et al. 2010; Izbicki et al. 2012). Therefore, the isotopic difference between
natural and industrial contamination sources can be potentially used to distinguish the
two. Kinetic fractionation during oxidation of solid Cr(III) is expected to be small due
to the “rind effect”, where each micro-layer of the solid Cr(III) is essentially completely
oxidized leading to limited isotope fractionation. However, as seen from our experiments,
isotopic exchange involving solid Cr(III) may be rapid enough to cause significant effects
over time scales of months. Even though the small amount of surface active Cr(III) limits
the impact of isotopic exchange effect on Cr(VI), the oxidation process continuously exposes
fresh Cr(III). Oxidation of minerals may be a slow process, possibly allowing enough time
for Cr(VI) in the pore water to exchange isotopes with residual solid Cr(III). Future studies
focusing on equilibrium fractionation factor during oxidation of Cr(III), perhaps in natural
settings, may provide additional insights.
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2.5 Conclusions
The equilibrium fractionation of Cr isotopes between dissolved Cr(III) and dissolved Cr(VI)
in HCl/KCl media (pH 1.2) was determined to be 5.2±0.2h, 5.5±0.2h, 5.8±0.5h, at 60
◦C, 40 ◦C, 25 ◦C, respectively. Isotopic equilibrium was attained after about 50 days
at 60 ◦C and 500 days at 40 ◦C. The isotopic exchange at 25 ◦C was very slow despite
the high concentrations that tend to enhance Cr(III)-Cr(VI) interaction. The activation
energy for isotopic exchange, derived from the temperature dependence of the exchange
rate, is estimated to be 131±18 kJ mol-1. The exchange rate is consistent with a previously
published rate law derived for higher-temperature experiments (Altman and King 1961).
In a second set of experiments with much lower Cr concentrations (∼0.02–0.2 mmol
L−1), neutral pH, and Cr(III) occurring as a solid-phase, an appreciable extent of isotopic
exchange occurred over time scales of months. The rates of exchange were surprisingly high,
given the much smaller concentrations of Cr present, compared to the high concentration,
acidic-pH experiments. We suggest the adsorption of Cr(VI) to Cr(III) particle surfaces
enhanced isotopic exchange, by keeping Cr(III) and Cr(VI), and presumably intermediate
species Cr(V) and Cr(IV), in close proximity long enough to allow the relatively rapid
transfers of three electrons from Cr(III) to Cr(VI). The rate of exchange was well correlated
with the abundance of Cr(VI) adsorbed onto the Cr(III) solid.
The impact of isotopic exchange on δ53/52Cr values of dissolved Cr(VI) is dependent
on the mass of exchangeable Cr(III) relative to that of Cr(VI), the initial isotopic compo-
sition of Cr(III), and other geochemical factors such as the concentration of anions such as
sulfate that compete for sorption sites on Cr(III) solids. However, the impact in real aquifer
systems is limited by the slow exchange due to very low abundance of adsorbed Cr(VI) onto
Cr(III) solid surfaces. Overall, further research must be done to precisely define the impact
of Cr isotopic exchange in real geochemical systems, but the results of this study suggest
that exchange may be important in extreme settings where large amounts of Cr(VI) coexists
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with large amounts Cr(III) with large surface areas.
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Table 2.2: Results for high concentration, acidic-pH experiments. F values represent
progress of exchange toward equilibrium and half-life is the time required for isotopic dis-
equilibrium to decrease by a factor of two (§ 2.4.3). Numbers in parenthesis represent
propagated uncertainties.
Time [Cr(III)]/ δ53/52Cr δ53/52Cr δ53/52Cr δ53/52Cr Offset F
[Cr(VI)] III III* VI VI* VI*-III*
day h h h h h
Temperature: 60 ◦C; R = 83.7±8.1 × 10-4 mol L-1 day-1; Half-life = 8.3±0.6 day
0.00 1.0 -0.10 -0.11 0.09 0.10 0.21 0.00
0.02 1.0 -0.13 -0.14 0.06 0.07 0.21 -0.01
0.08 1.0 -0.14 -0.15 0.04 0.05 0.20 -0.02
0.25 0.9 -0.14 -0.15 0.11 0.13 0.27 0.01
0.75 1.0 -0.24 -0.26 0.19 0.22 0.47 0.04
1.75 0.9 -0.43 -0.45 0.32 0.37 0.82 0.10
3.83 1.0 -0.76 -0.81 0.69 0.76 1.58 0.25
6.83 1.0 -1.11 -1.19 1.08 1.19 2.38 0.41
10.83 1.0 -1.43 -1.53 1.40 1.55 3.08 0.54
17.29 1.0 -1.92 -2.05 1.87 2.07 4.12 0.74
25.79 0.9 -2.24 -2.38 2.21 2.47 4.85 0.89
38.92 1.1 -2.34 -2.52 2.50 2.72 5.25 0.99
54.04 1.2 -2.36 -2.55 2.54 2.77 5.31 1.00
79.29 1.1 -2.35 -2.52 2.52 2.76 5.29 1.00
Temperature: 40 ◦C; R = 6.8±0.5 × 10-4 mol L-1 day-1; Half-life = 101.5±7.1 day
0.00 1.0 -0.11 -0.12 0.00 0.01 0.13 0.00
1.75 0.9 -0.13 -0.13 0.10 0.12 0.25 0.04
7.71 0.9 -0.20 -0.21 0.21 0.23 0.44 0.07
12.92 0.9 -0.23 -0.24 0.20 0.22 0.46 0.07
72.17 0.9 -1.27 -1.35 1.17 1.30 2.65 0.43
97.83 0.9 -1.45 -1.54 1.45 1.61 3.13 0.54
124.83 0.7 -1.80 -1.80 1.57 1.74 3.55 0.58
148.92 0.9 -1.95 -1.95 1.83 2.02 3.97 0.67
233.83 1.0 -2.36 -2.36 2.14 2.37 4.73 0.79
319.00 1.0 -2.61 -2.61 2.61 2.86 5.47 0.95
484.83 1.1 -2.64 -2.64 2.73 3.01 5.65 1.00
Temperature: 25 ◦C; R = 0.31±0.03 × 10-4 mol L-1 day-1; Half-life = 2214.7±155.0 day
7.77 0.9 0.07 0.07 0.06 0.05 -0.02 0.00
49.21 1.0 -0.12 -0.13 0.08 0.09 0.22 0.01
108.50 0.9 -0.19 -0.20 0.17 0.19 0.39 0.04
320.04 1.0 -0.44 -0.46 0.34 0.38 0.85 0.10
684.08 1.1 -0.71 -0.76 0.61 0.68 1.43 0.19
*Corrected for cross contamination.
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Table 2.3: Results for low concentration, neutral-pH experiments. The 2σ analytical uncer-
tainty is either internal or external uncertainty (±0.9h), whichever is greater. Numbers in
parenthesis represent propagated uncertainties.
Time [Cr(VI)] δ50/52Cr 2σ F
dissolved VI
day 10-5 mol L-1 h h
Exp’t 1; R = 1.34±0.10 × 10-7 mol L-1 day-1; Half-life = 31±2 day
0.0 76.9 0.0 0.9 0.00
1.8 89.5 0.4 0.9 0.13
8.1 81.6 0.7 0.9 0.22
17.0 87.2 0.8 0.9 0.27
37.0 86.7 1.7 0.9 0.56
73.0 90.6 2.5 0.9 0.82
Exp’t 2; R = 1.52±0.06 × 10-7 mol L-1 day-1; Half-life = 20±1 day
0.0 9.4 0.0 0.9 0.00
6.1 7.1 3.6 0.9 0.33
14.9 6.6 5.8 0.9 0.53
34.9 5.9 7.9 0.9 0.71
71.0 4.8 10.2 0.9 0.93
Exp’t 3; R = 5.61±0.13 × 10-8 mol L-1 day-1; Half-life = 37±1 day
0.0 6.0 0.0 0.9 0.00
6.1 4.8 3.2 0.9 0.21
14.9 4.4 5.2 0.9 0.34
34.9 4.8 7.9 0.9 0.52
50.0 4.4 10.0 0.9 0.66
71.0 5.0 11.2 0.9 0.73
92.0 5.0 12.8 0.9 0.84
Exp’t 4; R = 1.75±0.01 × 10-8 mol L-1 day-1; Half-life = 69±1 day
0.0 0.7 0.0 0.9 0.00
8.9 0.3 4.4 0.9 0.10
28.9 0.3 12.5 1.6 0.28
43.9 0.4 17.7 0.9 0.40
85.9 0.4 25.7 1.6 0.58
Exp’t 5; R = 8.05±0.31 × 10-8 mol L-1 day-1; Half-life = 32±1 day
0.0 14.2 0.0 0.9 0.00
6.1 12.1 1.4 0.9 0.14
14.9 11.6 2.5 0.9 0.26
34.9 13.1 4.5 0.9 0.47
50.0 12.7 6.2 0.9 0.65
71.0 13.2 7.3 0.9 0.76
92.0 13.6 8.4 0.9 0.87
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Figure 2.1: A confocal Laser Scanning Microscope image of Cr(III) particles (ca. 250 nm
resolution). A drop of the solid Cr(III) suspension was prepared in a glass slide for imaging.
The particle size was estimated to be roughly 1 µm. Cr(III) particles are mostly clustered
together. Note that the smaller circles scattered in the background are air bubbles. Laser
was shed from the SW direction. Therefore, actual Cr(III) particles are brighter on the SW
side while air bubbles are brighter on the NE side.
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Figure 2.2: Results for high concentration, acidic-pH experiments. The left panel shows
Cr(III)/Cr(VI) concentration ratio over time (A, B, and C for 60 ◦C, 40 ◦C, and 25 ◦C,
respectively), indicating that no detectable oxidation or reduction occurred. The middle
panel shows δ53/52Cr over time for Cr(VI) (circles) and Cr(III) (diamonds), corrected for
cross contamination. The right panel shows linear regression to extract isotopic exchange
rates (§ 2.4.3) using Cr(VI) data. Error bars are smaller than the symbols in the middle
and right panel; error bars in the left panel represent ±12% uncertainty (2 × RMS) on
concentration measurement.
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Figure 2.3: Results for low concentration, neutral-pH experiments. The left panel shows
Cr(VI) concentration over time (A, B, C, D, and E for experiment 1, 2, 3, 4, and 5, re-
spectively). The middle panel shows measured δ50/52Cr(VI) over time. The dashed line
is predicted δ50/52Cr(VI) using the isotopic exchange rate obtained in the right panel (see
§ 2.4.3). Error bars in the left panel represent ±15% (2 × RMS) on concentration mea-
surement. Error bars in the middle panel represent the external uncertainty or internal
uncertainty of δ50/52Cr(VI) measurement, whichever is greater. Error bars in the right
panel represent propagated errors.
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Figure 2.4: Crystal structure of Cr(OH)3.3H2O (Giovanoli et al. 1973). Circles represent
oxygen atoms and lines between oxygen atoms represent hydrogen bonds. Hydrogen atoms
are omitted for clarity of the figure. Shown here is only part of one layer of the crystal lattice.
The layers are composed of hexagons with an edge of 5.047 A˚. The distance between layers
is 4.73 A˚
Figure 2.5: Concentration data from low concentration, neutral-pH experiments, fit to
a Langmuir adsorption model (solid line). Error bars represent ±15% on concentration
measurement. The last data point lies near the flatter portion of the Langmuir curve,
suggesting that the surface sites of Cr(III) particles are approaching saturation, (i.e., Cr(VI)
species occupy most surface sites, so additional adsorption is retarded).
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Figure 2.6: Results for experiment 3 presented in a−ln(1−F) vs. time plot, as an illustration
of Cr(III) solid effect. In this plot, the total Cr(III) concentration was used to calculate
isotopic exchange rates using eqn 2.8 to 2.13. The decreasing slope of this plot is in direct
contrast to Fig. 2.3-C3, in which only the surface active Cr(III) concentration was used
for calculation. Error bars are calculated through error propagation based on ±0.9h (2 ×
RMS) on measured δ50/52Cr(VI).
Figure 2.7: A log-log plot of isotopic exchange rates as a function of the concentration of
Cr(VI) adsorbed to Cr(III) particles.
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Figure 2.8: Impact of isotopic exchange on δ53/52Cr(VI) as a function of fraction of ac-
tive Cr(III) and Cr(III)/Cr(VI) total mass ratio. The gray value represents equilibrium
δ53/52Cr(VI). Starting δ53/52Cr for Cr(III) and Cr(VI) are assumed to be −2h and 0h in
the calculation, respectively. For fractions of active Cr(III) less than 0.005 (0.5%), the
impact is small (<0.5h).
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Figure 2.9: Isotopic exchange half-life as a function of fraction of active Cr(III) and
Cr(III)/Cr(VI) total mass ratio, assuming 0.1% of Cr(VI) is adsorbed to solid Cr(III) par-
ticles in an aquifer system. Notice different x-axis scale compared to Fig. 2.8.
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Chapter 3
Uranium isotope fractionation
induced by oxidation of U(IV) by
dissolved oxygen
3.1 Introduction
Uranium (U) mining and application in the energy and weapons industries in the past
decades have caused contamination of groundwater and soils in many places around the
world. This has raised wide public health concerns due to the chemical toxicity (mainly
nephrotoxicity) of U (Bleise et al. 2003; Parrish et al. 2008).
U is a redox sensitive element, with two main valence states being stable in nature:
U(VI) (hexavalent) and U(IV) (tetravalent). U(VI) is stable as dissolved ions under a wide
range of pH, and is stabilized by complexation with carbonate ions in many waters. In
contrast, U(IV) is dissolved only at very low pH (<2) (Langmuir 1978) in aqueous media
without organic complexing ligands. Thus, at circumneutral pH conditions, the reduction
of mobile U(VI) to immobile U(IV) offers one economic in situ method of mitigating U
contamination. U(VI) can be reduced by natural inorganic reductants such as aqueous
Fe(II), Fe(II) minerals, and hydrogen sulfide (Liger et al. 1999; O’Loughlin et al. 2003; Hua
et al. 2006; Du et al. 2011; Hyun et al. 2012). Certain microbial organisms have also been
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found able to reduce U(VI) (Lovley et al. 1991).
The product of inorganic U(VI) reduction tend to be nano-crystalline uraninite
(O’Loughlin et al. 2003; Beyenal et al. 2004; Veeramani et al. 2011; Hyun et al. 2012),
while U(IV) produced by microbial U(VI) reduction tends to vary in form, depending on
the aqueous medium composition and reduction mechanism (Bernier-Latmani et al. 2010;
Fletcher et al. 2010; Boyanov et al. 2011; Sharp et al. 2011; Alessi et al. 2012; Stylo et al.
2013). Reported biogenic and abiotic uraninite particles vary in sizes, from 0.9 to 5 nm
nano particles to a few hundred nanometers aggregations (Burgos et al. 2008; Abdelouas
et al. 1999a; Suzuki et al. 2002; Senko et al. 2007). Non-uraninite species are generally more
susceptible to oxidation than uraninite particles, and factors affecting the form of produced
U(IV) particles are being studied with an aim of finding favorable conditions for uraninite
production (Boyanov et al. 2011; Stylo et al. 2013).
Traditional monitoring of U(VI) attenuation via reduction relies on concentration
measurements, which can sometimes give misleading information since concentrations are
also affected by adsorption/desorption and mixing/dilution. A recent field study indicates
that reduction of U(VI) causes systematic shift in U isotopic ratios (238U/235U), suggesting
the potential to use 238U/235U measurement to monitor and potentially quantify reduction
of U(VI) (Bopp et al. 2010). Experiments have confirmed that microbial reduction of U(VI)
can shift 238U/235U systematically during reduction (Basu et al. submitted).
Natural uranium is mainly composed of two primordial isotopes with long half-lives:
99.27% 238U (half-life of 4.468×109 yr) and 0.72% 235U (half-life of 0.7038×109 yr) (Weyer et
al. 2008). Measured 238U/235U ratios are expressed in standard δ notation (eqn 1.1) relative
to standard CRM 112-A (New Brunswick Laboratory, U.S. Department of Energy).
Mass-dependent U isotope fractionation is expected by theory to be very small
due to small relative mass difference between U isotopes (Bigeleisen and Mayer 1947).
However, fractionation of about one per mil was observed experimentally (Florence et al.
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1975; Nomura et al. 1996), with 235U being concentrated in the higher valence state U(VI).
This is opposite to the fractionation predicted by mass dependent fractionation, where
lighter isotopes concentrate in the phase or species with the lower valence state (Urey 1947;
Schauble 2004). Later theoretical work explained this experimental observation using a
mass-independent mechanism called the nuclear volume effect, or the nuclear field shift
effect (Bigeleisen 1996; Schauble 2007; Abe et al. 2008). According to the theory behind
nuclear volume effect, large nuclei (238U) have less charge density than small nuclei (235U),
causing s-orbital electrons, which have high electron density at the nucleus, to be less stable,
and indirectly causing p, d, and f-orbital electrons to be more stable, because p, d, and f-
orbital electrons screen and are screened by s-orbital electrons (Schauble 2007). Therefore,
if isotopic equilibrium is attained, 238U tends to enrich in species with fewer s electrons,
or more p, d, f electrons. Electron configurations for U(IV) and U(VI) are [Rn]5f2 and
[Rn]5f0, respectively. Therefore, 238U will preferentially partition into U(IV) while 235U
will preferentially partition into U(VI).
Applying U isotopes to monitoring U reduction requires a clear understanding of
all potential isotope fractionation mechanisms. Studies are being conducted to determine
the fractionation factors for various biotic (Basu et al. submitted) and abiotic reduction
mechanisms. Adsorption is another mechanism that can shift 238U/235U ratios of U(VI).
Brennecka et al. (2011a) reported that adsorption of U(VI) to manganese oxide can cause
adsorbed U(VI) to be about 0.2h less in than dissolved U(VI), due to equilibrium fractiona-
tion between adsorbed and dissolved U(VI) species. However, field studies at the Integrated
Field Research Challenge field site in Rifle, CO have found negligible U isotope fractiona-
tion associated with adsorption-desorption (Shiel et al. 2013). It appears so far that isotope
signatures set by reduction is not affected greatly by adsorption-desorption of U(VI).
Another relevant process in U(VI) remediation is potential oxidation of the produced
U(IV). Studies have found that the product U(IV) is prone to reoxidation by air, manganese
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oxides, and nitrate (Finneran et al. 2002; Senko et al. 2002; Komlos et al. 2008; Plathe
et al. 2013). At a site where reduction of U(VI) has occurred, later reoxidation of the
isotopically heavy product could potentially be detected using 238U/235U measurements.
Alternatively, when 238U/235U measurements are used to monitor U(VI) reduction, U(IV)
oxidation that might occur simultaneously in other parts of the systems could complicate
238U/235U data interpretation. Clearly, an understanding of isotope fractionation during
oxidation of U(IV) is needed, in order to fully develop the use of 238U/235U measurements
in a variety of contaminant-related applications.
Beside environmental applications, U isotope systematics also shows potential as
a paleoredox proxy. The long residence time of uranium in the ocean (about 500 ky)
(Klinkhammer and Palmer 1991) leads to homogeneous U concentration and isotopic com-
position of the seawater in odic oceans (Delanghe et al. 2002; Stirling et al. 2007; Weyer et
al. 2008). Because significant isotope fractionation of U isotopes has been observed during
reduction, U isotope measurement has recently been used to trace global scale ocean anoxic
events (Montoya-Pino et al. 2010; Brennecka et al. 2011b).
The global U cycle on Earth is also very sensitive to the oxygen content in the
atmosphere. U in continental rocks is present mainly as U(IV) residing in feldspars, zircon,
apatite, sphene, and uraninite (Kendall et al. 2013). Only if the atmosphere had O2 above
a certain level can U-bearing minerals be oxidatively mobilized to U(VI) and carried to the
ocean. Absence of oxidative weathering leads to vanishingly small dissolved U inventory in
the ocean. Under these conditions, the global U cycle is dominated by sedimentary fluxes of
reduced U in detrital grains, and thus invariant marine sedimentary U isotope composition
results (Kendall et al. 2013). With the onset of oxidative weathering, 238U/235U variations
became possible. Therefore, variation of marine sedimentary U isotope composition may
be used to trace paleoredox perturbation in earth’s early atmosphere.
Application of U isotopes as paleoredox proxy requires clear understanding of iso-
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topic compositions of different U inventories and processes that can potentially fractionate
U isotopes. Recent studies on oceanic U budget shows that rivers are the major input, ac-
counting for 80% of U input to the ocean (Dunk et al. 2002). Major U sinks include suboxic
sediment under weakly oxygenated seawater (32%), biogenic carbonate (28%), and anoxic
sediments (24%). Modern seawater δ238/235U is determined to be −0.41 ± 0.03h (Weyer
et al. 2008). Rivers have δ238/235U values ranging from about −0.30h to 0.0h (Noordmann
et al. 2010), which is similar to the average crust δ238/235U of −0.31± 0.14h (Weyer et al.
2008; Telus et al. 2012; Kendall et al. 2013). This implies very small isotope fractionation
during oxidative weathering (Noordmann et al. 2010). Suboxic sediments have an average
δ238/235U of −0.28 ± 0.19h, and biogenic carbonate (corals) has δ238/235U similar to the
seawater (Weyer et al. 2008). The only known major sink that has distinct δ238/235U from
seawater is black shale deposited under anoxic conditions. For example, the δ238/235U of
black shale samples from the Black Sea are 0.35h to 0.84h (0.5h on average) higher than
that of modern seawater (Weyer et al. 2008). Romaniello et al. (2009) reported that the
Black Sea surface water has similar δ238/235U to open seawater but deeper water has grad-
ually decreasing δ238/235U and U concentration with increasing depth, suggesting U(VI) is
reduced to U(IV) in the sulfidic water column.
Even though a lot of work has been done to characterize δ238/235U of natural samples,
less has been known about specific fractionation mechanisms from laboratory experiments.
Fractionation factors (α, eqn 1.3) for microbial reduction of U(VI) have been found to range
from 1.00068 to 1.00099 (Basu et al., submitted). However, U isotope fractionation factors
during U(VI) reduction by inorganic reductants such as aqueous F(II), sulfide minerals, and
hydrogen sulfide are still lacking, but they are likely to be relevant in natural systems and are
essential in interpreting observed δ238/235U of natural samples. Further, even though natural
observations imply minor fractionation during oxidative weathering of U-bearing minerals
(Noordmann et al. 2010), no direct evidence has been provided by experiments. It is
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possible that significant fractionation could have occurred during oxidation, but subsequent
processes during transport (e.g., adsorption) could have canceled the isotope fractionation
caused by oxidative weathering, resulting in no apparent fractionation.
This study aims to provide experimental data on U isotope fractionation during
oxidation of dissolved U(IV) as well as synthetic solid U(IV). Laboratory experiments were
designed with simplicity in mind, to obtain clear initial results with few complications.
3.2 Experimental and analytical methods
3.2.1 Synthesis of U(IV)
U(IV) was obtained by reducing U(VI) in sulfuric acid with 50% stoichiometric excess of
zinc metal, leading to more than 99% complete reduction of U(VI) to U(IV) (Ondrejcin
1961). The U(VI) solution was previously made by dissolving U metal (0h δ238/235U) in
15.5 M twice distilled HNO3. Part of the obtained UO2(NO3)2 solution was dried down
and redissolved in 5 ml 2 M H2SO4 in a 30 mL glass vial sealed with a butyl stopper. The
solution in the sealed glass vial was purged with pure N2 (processed through a heated copper
wire) to remove dissolved oxygen. Zinc metal pellets were placed in another empty glass
vial and purged with pure N2 to remove air. The purged UO2SO4 solution was transferred
with N2-purged syringes and needles to the glass vial containing zinc pellets to start the
reduction, which produced a green U(IV) solution. Excess hydrogen gas was released during
the reduction by a needle piercing through the butyl stopper.
The 5 mL green U(IV) solution was then injected into excess 1 M O2-free ammonium
hydroxide solution contained in another 30 mL glass vial, to precipitate U(IV) (Ondrejcin
1961). Ammonium hydroxide was favored over sodium hydroxide because ammonia com-
plexes with Zn2+ and prevents formation of Zn2+ precipitates, and thereby minimizing
contaminant solids in in the synthesized solid U(IV). The U(IV) precipitate in the 30 mL
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glass vial was centrifuged and the supernatant removed. To remove sulfate salts from the
U(IV) precipitate, O2-free 20 mM bicarbonate buffer was used to wash the precipitate three
times.
A small amount of the solid U(IV) suspension was allowed to dry in an anaerobic
chamber and then the U(IV) powder was sealed in a Kapton tape and measured with
a GADDS system X-ray diffractometer. The XRD pattern showed wide and low peaks,
aligned well with uraninite crystal peaks (Fig. 3.1). The XRD pattern yielded an estimate
of particle sizes in the range of 3 to 8 nm. This XRD pattern and particle sizes are similar
to previously published XRD patterns and particle sizes of biogenic nano uraninite (Singer
et al. 2009).
Part of the solid U(IV) was resuspended in O2-free 0.02 M bicarbonate buffer as the
stock for the experiments involving oxidation of solid U(IV). The remainder was dissolved
in O2-free 4.5 M HCl as the stock for the experiments on oxidation of dissolved U(IV).
Samples of the dissolved U(IV) stock and the solid U(IV) stock were prepared
for isotopic analysis (see methods below) and their δ238/235U values were found to be
0.05±0.06h (95% confidence). The U(IV) solution were stored in serum bottles with pure
N2 headspace (positive inside pressure) for 2 weeks before use.
3.2.2 Experiment procedures
Two duplicate experiments examining oxidation of dissolved U(IV) (experiments 1 and 2)
were conducted at room temperature. These experiments required separation of dissolved
U(IV) and dissolved U(VI) by chromatography, which takes about 30 minutes. To avoid
oxidation, these experiments and chromatography were conducted in an anaerobic glove
box filled with 90% N2 and 10% H2, with palladium as catalyst to remove trace oxygen.
The O2 level was less than 1 parts per million inside the glove box.
A small measured amount of the dissolved U(IV) stock was added to 50 mL oxy-
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genated 0.1 M HCl in 100 mL serum bottles sealed with butyl stoppers with air headspace
and immediately mixed thoroughly. Solutions were sampled by taking 0.5 mL with needles
and syringes at 0.1 to 3 day intervals. The sampled volume was replenished with an equal
volume of air. Experimental solutions were shaken vigorously at each sampling event but
left standing the rest of the time. Immediately after sampling, 0.7 mL O2-free 7.5 M HCl
was added to the sampled 0.5 mL solutions to bring the HCl concentration to 4.5 M before
separation of U(IV) and U(VI) by anion exchange (described in § 3.2.3).
Two duplicate experiments examining oxidation of the synthetic, solid U(IV) (ex-
periments 3 and 4) were conducted at room temperature. These two experiments only
required quick filtration to separate dissolved U(VI) and solid U(IV). Therefore, these two
experiments were conducted in the air. A measured amount of the synthetic solid U(IV)
stock in 20 mM NaHCO3 was filtered with a 13 mm diameter PVDF hydrophilic filter disk
(0.1 µm pore size, Millipore ) held in a Swinnex filter holder, to remove potential U(VI)
impurity produced during the precipitation step. The filter disk with solid U(IV) was then
placed into a serum bottle containing 50 mL 20 mM NaHCO3 (pH 9.4) and sealed with a
butyl stopper with air head space. The experimental suspension was stirred with a magnetic
stirring bar all the time during the experiment. 1 mL samples were taken using needles and
syringes and filtered with the same 0.1 µm pore size filters described above. The sampled
volume was replaced with an equal volume of air. Filtered U(IV) on the filter disk was then
placed in 2 mL 2 M HCl to dissolved U(IV). The separated U(VI) and U(IV) were further
purified with UTEVA resin (see below).
3.2.3 U purification
3.2.3.1 Separation of U(IV) and U(VI) with AG1X8 resin
Separation of dissolved U(IV) and dissolved U(VI) for experiment 1 and 2 was realized by
anion exchange chromatography, modified from methods published previously (Hussonnois
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et al. 1989; Ervanne 2004). In 4.5 M HCl, U(VI) is retained on the AG1X8 anion resin
while U(IV) passes through the resin. This method has been proved successful at separating
U(VI) and U(IV) with 95% recovery for U(IV) and 99% recovery for U(VI) (Hussonnois
et al. 1989).
Samples in 4.5 M HCl were loaded onto 0.5 mL AG1X8 (100–200 mesh) anion
exchange resin, precleaned with 4 mL 0.1 M HCl and preconditioned with 1 mL 4.5 M HCl.
U(IV) was then eluted with 2 mL (1 + 1 mL increment) 4.5 M HCl and collected. U(VI)
was then released from the resin with 3 mL (0.5 + 0.5 + 1 + 1 mL increment) 0.1 M HCl.
Separated U(IV) and U(VI) were then taken out of the glove box, allowing U(IV) to be
oxidized for about a few days, before further purification by UTEVA resin (see below).
An initial test was done to confirm the effectiveness of the separation of dissolved
U(IV) and dissolved U(VI) by AG1X8 anion exchange and to confirm a lack of isotope
fractionation during separation. A mixture with small amount of dissolved U(IV) and
U(VI) were mixed in 4.5 M HCl and processed through the procedures listed above. Two
separate tests were also done to test the recovery of U(IV) and U(VI) by passing only U(IV)
or U(VI) through AG1X8 resin. Results are give below.
3.2.3.2 Purification of uranium with UTEVA resin
Samples processed through filtration and AG1X8 anion exchange resin step still have other
matrix elements that need to be removed by another resin called UTEVA resin, which only
retains U in the experimental solutions.
Concentrations of all samples, including samples in experiments 1 and 2 separated by
AG1X8 resin, and samples in experiments 3 and 4 separated by filtration, were measured by
comparing signal intensity with concentration standards on a Nu Plasma MC-ICP-MS. After
knowing U concentrations, a double spike solution composed of 233U and 236U (233U/236U
= 0.45) was added to sample aliquots containing 300 ng U to generate 238U/236U ratios
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of ∼30. Measured 233U/236U ratios were used to correct for fractionation caused by the
UTEVA separation procedure and mass bias known to occur in the mass spectrometer. The
double spike added before sample preparation also allows an isotope dilution calculation of
U concentrations based on measured 238U/236U ratios and the known amount of 236U added.
Spiked samples were evaporated to dryness overnight (about 16 hours) by gentle
heating (about 60 ◦C), and then redissolved in 1 mL 3 M HNO3 for UTEVA chromatography
following a procedure modified from Bopp et al. (2010). Briefly, spiked samples in 3 M
HNO3 were loaded onto 0.2 mL UTEVA resin precleaned with 4 mL 0.05 M HCl and
preconditioned with 1 mL 3 M HNO3. Matrix ions were rinsed with 2 mL (1 + 1 mL
increment) 3 M HNO3. Finally, U was released from the UTEVA resin by 2.5 mL (0.5 + 1
+ 1 mL increment) 0.05 M HCl.
Collected U samples were dried down completely and redissolved in 0.3 M HNO3
for isotope analysis.
3.2.4 Mass spectrometry
Purified U samples are analyzed for 238U/235U ratios on a Nu Plasma MC-ICP-MS (Bopp
et al. 2010; Shiel et al. 2013). Ion beams (233U, 235U, 236U, and 238U) were collected by
Faraday collectors in a single cycle with five blocks of ten integrations, each lasting eight
seconds. 238U was collected in a Faraday collector with a 1010 Ω resistor while all other
beams were collected in collectors with 1011 Ω resistors. The tailing of 236 peak causes a
slight interference on 235U. A two zeros method was used to correct for this potential tailing
effect, where the signal was measured 0.5 amu above and below the measured mass for 30
seconds and the average of those two values was subtracted from the measured peak signal.
Despite the use of the double spike, drift in the measured standard value still oc-
curred. This drift is thought to be related to departure of the instrument mass bias from the
ideal exponential law assumed, and should affect samples and standards equally. Accord-
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ingly, standard CRM 112-A was analyzed every three samples, and sample isotope values
were normalized using the bracketing CRM 112-A standards, assuming a linear change in
mass bias within the timeframe of a bracketing cycle. Two secondary standards, IRMM
REIMEP 18-A (JRC, Brussels, Belgium) and CRM 129-A (New Brunswick Laboratory,
U.S. Department of Energy) were also analyzed in each session before sample analyses as
an additional monitor of accuracy. The measured average for IRMM REIMEP 18-A and
CRM 129-A are −0.16±0.10h (2SD, n = 6) and −1.72±0.09h (2SD, n = 6), respectively,
which agree with previously published result (Shiel et al. 2013). External uncertainty (95%
confidence) for samples is ±0.06h calculated as the root-mean-square difference (eqn 2.6)
of 6 duplicate preparations.
3.3 Results
3.3.1 Separation test
The result of the separation test using AG1X8 resin (Fig. 3.2) shows that 4 resin bed
volumes of 4.5 M HCl was enough to rinse almost all U(IV), and 6 bed volumes of 0.1 M HCl
was enough to release almost all U(VI). It also shows that no isotope fractionation occurred
between different fractions of eluted U(IV) and U(VI). Therefore, the double spike was
not added prior to the AG1X8 procedure, as it was not needed to correct for fractionation
during the AG1X8 step.
The two separate recovery tests for U(IV) and U(VI) showed that 95% U(IV) was
recovered in the 4.5 M HCl elution, and 96% of U(VI) was released by 0.1 M HCl. This
suggests that up to 5% of U(IV) was not rinsed with 4.5 M HCl and stayed on the resin
and was possibly later eluted with U(VI), and 4% of U(VI) was not retained on the resin
upon loading and was eluted with U(IV). Therefore, the determined δ238/235U for U(IV)
and U(VI) values were subject to a cross-contamination correction assuming 5% U(IV)
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mass mixed with 96% U(VI) mass and 4% U(VI) mass mixed with 95% U(IV) mass. To
avoid variation in cross contamination percentages, volumes of resin and acids were kept as
consistent as possible between different sessions of sample preparation. Both corrected and
uncorrected data are reported (see below).
In the experiments on oxidation of solid U(IV), U(IV) and U(VI) were separated
by filtration. Therefore, cross contamination in these experiments can potentially be intro-
duced by the very small concentrations of dissolved U(IV) and by U(IV) particles breaking
through filters. The solubility of uraninite at circumneutral pH is extremely low (about
10−13 M, (Langmuir 1978)). In the presence of 20 mM bicarbonate, the solubility is higher
but is still low (about 10−11 M, calculated using MINEQL 4.62.2). Near-zero concentration
of dissolved U in the first samples of experiment 3 and 4 (Fig. 3.4) indicates that the 0.1
µm filter retained essentially all of the U(IV) particles, despite their small size. Successful
filtering of nanoscale uraninite particles is probably related to aggregation of those particles
(Burgos et al. 2008; Abdelouas et al. 1999a)).
3.3.2 Oxidation of dissolved U(IV)
Results for experiments 1 and 2, focusing on oxidation of dissolved U(IV), are summa-
rized in Table 3.1 and Fig. 3.3. Concentration changes followed roughly linear trends after
about two days, suggesting a zero order reaction. The initial reaction product was iso-
topically lighter by about 1.1h relative to the reactant in both experiments. As oxidation
proceeded, the remaining U(IV) became progressively enriched in heavier isotope. The
δ238/235U of the U(VI) product seemed to parallel that of U(IV), offset by a near constant
value. The offset (δ238/235U(IV) − δ238/235U(VI)) is 1.1±0.3h (2SD, n=7) for experiment
1 and 1.1±0.1h (2SD, n=7) for experiment 2.
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3.3.3 Oxidation of solid U(IV)
Results for experiments 3 and 4, focusing on oxidation of solid U(IV), are summarized in
Table 3.2 and Fig. 3.4. In both experiments, the concentrations seemed to conform roughly
to a first order reaction.
During experiment 3, the δ238/235U values of the remaining solid U(IV) remained
identical to the starting value (the dashed line) within analytical uncertainty in the early
stages, then gradually evolved to negative values after more than 80% of the U(IV) was
oxidized (Fig. 3.4-A2). The δ238/235U of the produced U(VI) was in all cases slightly greater
than that of the concurrent solid U(IV), although the difference is within the uncertainties
for some of the data points.
Experiment 4 was sampled more frequently than experiment 3, especially in the
very early stages of the experiment. The results mostly confirmed the basic observations in
experiment 3. However, the results reveal more details for the very early stages of oxidation
of solid U(IV). They show that the δ238/235U value of the initially produced U(VI) was
slightly negative (−0.13h), and then quickly increased to positive (+0.34h), a total of
about 0.5h increase, followed by gradual decrease to approach δ238/235U of starting solid
U(IV) (+0.05h), represented by the dashed line. As in experiment 3, the U(IV) δ238/235U
value became negative in the late stages of the experiment.
The weighted average δ238/235U of U(VI) and U(IV) in experiment 3 was 0.07
±0.05h (2SD, n = 7), which balances well with the starting isotopic composition of U(IV)
(Fig. 3.4-A2). However, the weighted average was 0.11±0.12h (2SD, n = 9) in experiment
4, which was higher than the starting U(IV) isotopic composition (Fig. 3.4-B2). This could
have been caused by uneven withdrawing of solid U(IV) particles and dissolved U(VI) in
the experimental suspension, considering the U(IV) particles tend to aggregate. The total
concentration of U(IV) and U(VI) for experiment 4 (Table 3.2) did show that the first 2
samples withdrew more U than later samples. However, the slightly lack of mass balance
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in experiment 4 does not affect the basic observation that oxidation of solid U(IV) caused
very weak fractionation.
3.4 Discussion
3.4.1 Oxidation kinetics
The oxidation of dissolved U(IV) at low pH is described by
2U4+ + 2H2O +O2 = 2UO
2+
2 + 4H
+ (3.1)
which indicates that higher acidity tend to slow down the reaction (McCoy and Bunzel
1909). Fig. 3.3-A shows that the oxidation is not first order, in contrast to previously
published kinetic data at similar pH (Rollin and Eklund 2000). The serum bottle containing
the U(IV) solution had an air headspace, and therefore had about 0.2 bar oxygen. Assuming
the solubility of O2 in the experiments is the same as that in pure water, there would have
been about 2.5 × 10−4 mol L−1 dissolved oxygen in the solution. The 50 mL air headspace
contained about 0.4 mmol oxygen, and the headspace was maintained roughly constant
by replenishing the sampled volume with air. The starting U(IV) concentration in these
two experiments was about 5 × 10−4 mol L−1 (Table 3.1). Therefore, the initial dissolved
oxygen was barely enough to oxidize all the U(VI). In the first two days, the concentration
change was somewhat non-linear in both experiments, and oxidation kinetics can be fit
to a first-order model in terms of U(IV) concentration (Fig. 3.3-A). After two days, the
oxidation rate seemed to switch to zero order. It is not clear why this occurred, but it might
be related to increased oxygen supply as samples were removed; the removed volume was
replenished by injected air, and the volume of the headspace probably had increased.
In contrast to dissolved U(IV), oxidation of solid U(IV) in the presence of air and
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bicarbonate conforms to the following reaction (Grandstaff 1976)
UO2 +
1
2
O2 + 2HCO
−
3 +H2O = UO2(CO3)2(H2O)
2−
2 (3.2)
These two experiments were different from experiments 1 and 2 in that: 1) U(IV) was solid
and therefore only surface U(IV) could interact with the oxidant; 2) dissolved oxygen was
present in excess throughout the experiments because the starting U(IV) solid concentration
(2.3 × 10−5 M) was only 5% of the initial dissolved oxygen concentration. Those factors
indicate that oxygen was not limited in these two experiments and the U concentrations
roughly followed first order kinetics. Assuming a first reaction order
dU(IV )
dt
= −kox · [U(IV )] (3.3)
where kox refers to rate constant. Integrating eqn 3.3 yields:
ln
[U(IV )]
[U(IV )0]
= −kox · t (3.4)
where [U(IV )][U(IV )0] represents the fraction of remaining U(IV). A plot of the natural log of
the fraction of remaining U(IV) as a function of time is given in Fig. 3.5, which shows
that experiment 3 concentration data can be approximated by a first order reaction with
respected to U(IV) concentration. However, data from experiment 4 (filled symbols) in Fig.
3.5 departed somewhat from the first-order model, particularly toward the end.
Previous leaching experiments on natural uraninite show that particle surface area,
carbonate, and dissolved oxygen concentration have significant influence on the kinetics
of oxidative dissolution of natural uraninite (Grandstaff 1976; Ono 2001). In experiment
4, carbonate and dissolved oxygen concentration should have remained fairly constant.
As oxidation proceeded, however, the particle sizes were expected to decrease, leading to
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increased surface area per unit mass of U(IV) and therefore increased specific-surface-area-
normalized dissolution rates, all other factors being equal. This might be one tentative
explanation for the observed deepening slope for experiment 4 data in Fig. 3.5. Why such
phenomenon was not observed in experiment 3 is unclear.
3.4.2 Interpretation of experiments with both U(IV) and U(VI) dissolved
In experiments 1 and 2, which focused on oxidation of dissolved U(IV), the near constant
offset between remaining reactant pool and accumulated product pool (Fig. 3.3-B) suggests
significant isotopic exchange during oxidation of dissolved U(IV). Solid lines in Fig. 3.3-B
shows an equilibrium fractionation model (with equilibrium fractionation Δ238/235UIV-VI =
1.1h. The model does not perfectly fit all the data points within the analytical uncertain-
ties, but the deviations from the model are mostly less than 0.1h.
A kinetic fractionation model, with no back reaction, was also examined. In Fig.
3.3-B, the dashed line represents the best-fit Rayleigh-type kinetic fractionation model with
ε238/235UIV-VI = −0.69h (see eqn 1.5 for definition). More details about kinetic and equi-
librium models can be found in Johnson et al. (2004). This kinetic model also does not fit
all the data points, especially the first a few data points from the U(VI). The overall fit to
the data is not as good as with the equilibrium model. However, this kinetic model assumes
that the ε value does change during the course of the experiments. It is possible that the
ε value changed over time, perhaps in response to the increasing U(VI) concentration. A
kinetic model with decreasing ε value is likely to fit, as it would accommodate both the
anaomalously negative δ238/235U of the early U(IV) and the lack of upward curvature in the
δ238/235U trend of the U(VI). More work is needed to further explore this possible variability
in the magnitude of fractionation.
The observed ∼1.1h fractionation during oxidation of dissolved U(IV) could be
driven by a combination of kinetic effect and equilibrium effect. Since the larger nucleus
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238U is more stable as U(IV) (Schauble 2007), we hypothesize that a kinetic nuclear volume
effect caused 238U to be enriched in U(IV) while 235U enriched in U(VI) during oxidation.
This agrees with the observed sense of fractionation. However, it also agrees with the
prediction based on the equilibrium nuclear volume effect, that larger nuclei (238U) tend
to concentrate in U(IV) under equilibrium conditions (Schauble 2007). Accordingly, either
mechanism, or a combination of the two, could have contributed to the observed isotope
fractionation.
Interestingly, analogous results have been obtained for Cr isotope fractionation in-
duced by oxidation of dissolved Cr(III) by manganese oxides (Ellis et al. 2008). Those
experiments also produced ∼1h fractionation between remaining dissolved Cr(III) and
produced dissolved Cr(VI), but with the product Cr(VI) being heavier and fractionation
being driven by mass dependent effects. Ellis et al. (2008) attributed the ∼1h fractiona-
tion during oxidation of dissolved Cr(III) to be driven by a combination of a kinetic effect,
which would cause enrichment of the product in lighter isotopes, and a stronger equilibrium
effect in the opposite direction.
Experiments on microbial reduction of U(VI) also showed enrichment of 238U in
the U(IV) product and 235U in the reactant U(IV) (Basu et al. submitted). This trend
of fractionation during reduction has also been confirmed by field observations of U(VI)
reduction induced by injection of acetate into a contaminated aquifer (Bopp et al. 2010). It
appears that isotope fractionation during both oxidation of U(IV) and reduction of U(VI)
are compatible with present understanding of the nuclear volume effect (Schauble 2007).
Isotopic exchange between dissolved species with different redox states is rapid in
the case of Fe(II)-Fe(III) exchange, which involves transfer of a single electron (Johnson
et al. 2002), but much slower for the Cr(VI)-Cr(III) exchange, which involves transfer
of three electrons (see chapter 2). Only a very small extent of isotopic exchange was
observed between high concentration (0.2 M) of dissolved Cr(III) and dissolved Cr(VI)
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(room temperature, acidic-pH solution) within 2 years. Timescales of isotopic exchange
involving two electron transfers, as in the case of the isotopic exchange between dissolved
U(VI) and dissolved U(IV), is expected to lie between the two extremes.
3.4.3 Interpretation of experiments with solid U(IV)
In experiments 3 and 4 focusing on oxidation of solid UO2, we attribute the weak fractiona-
tion to a “rind effect”, where the surface layer of solid U(IV) particles is completely oxidized
before the next layer is exposed to oxidant. Hence, nearly complete, congruent conversion
of each layer of U(IV) to U(VI) results in minimal isotope fractionation. The exception to
this rule is the earliest U removed from the solid surface. If the oxidative dissolution pro-
cess involves kinetic fractionation, this would cause release of isotopically distinct U from
the surface initially. However, this would last only a short time, as the U exposed on the
solid surface would become increasingly fractionated in the opposite direction, negating the
initial kinetic effect observed in the produced U(VI). It appears this occurred in experiment
4, which was sampled more frequently during the early stages. In experiment 3, no data
were obtained to constrain the effect. The initially-produced U(VI) was about 0.1h lighter
than the remaining solid U(IV) (Fig. 3.4-B2). As the experiment proceeded, however, the
δ238/235U of the accumulated U(VI) increased to be heavier than the remaining U(IV).
The absence of large isotope fractionation during oxidative dissolution of solid U(IV)
is in sharp contrast with about 3h fractionation during reductive dissolution of solid Fe(III)
(Crosby et al. 2005; Crosby et al. 2007; Wu et al. 2009). The large difference in δ56/54Fe
between product Fe(II) and reactant Fe(III) minerals was attributed to equilibrium frac-
tionation between adsorbed Fe(II) and an active Fe(III) layer on the surface of the Fe(III)
solid. However, no equilibrium fractionation between adsorbed U(VI) and U(IV) solid was
observed within our experiment period. This could be due to an inability of the dissolved
U(VI) to isotopically equilibrate with the solid U(IV) within the time frame of the exper-
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iments (a few hours). This is certainly a possible scenario, as the two electron transfer
needed to drive this equilibration should be much slower than the single electron transfer
needed in the Fe case.
As described above, the nuclear volume effect allows us to rationalize why 235U
tends to be preferentially oxidized to U(VI). However, this sense of fractionation is opposite
to the weak effect observed in experiments 3 and 4, where U(VI) was slightly depleted in
235U compared to U(IV), except for the very early stage of the oxidation of solid U(IV).
Accordingly, we concluded that an additional process must have occurred in experiments 3
and 4 to cause the observed sense of fractionation. The slightly elevated δ238/235U(VI) for
all but the early stages could have been caused by adsorption of a fraction of the produced
U(VI) to the U(IV) solid surfaces. Brennecka et al. (2011a) demonstrated that isotope
fractionation occurs between dissolved U(VI) and U(VI) adsorbed to birnessite, with the
adsorbed U(VI) being ∼0.2h less in δ238/235U than the dissolved U(VI). This fractionation
was attributed to differences in the U-O coordination shell between adsorbed and dissolved
U species. About 0.2h difference in δ238/235U has also been observed between seawater
U and U adsorbed to Mn-Fe crust (Weyer et al. 2008). Accordingly, we suggest that a
significant fraction of the U(VI) produced in our experiments adsorbed to the solid U(IV),
with isotope fractionation enriching the adsorbed phase in 235U and increasing the δ238/235U
of the remaining U(VI).
At the end of experiments 3 and 4, the U(IV) fraction, defined as the U retained on
the filter, evolved toward lower δ238/235U values. This may be caused by similar adsorption
issues. The U remaining on the filter, at the very end of the experiments, was likely
dominated by adsorbed U(VI) (to filter and residual U(IV) particles). This adsorbed U(VI)
would be expected to have a very light isotopic composition due to mass balance constraints,
which could have caused the measured δ238/235U(IV) on the filter to be negative (Fig. 3.4-A2
and B2).
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We generated a model, taking adsorption and mass balance into consideration, aim-
ing to reproduce the general trends observed in δ238/235U of U(VI) and U(IV). The weighted
average of δ238/235U of dissolved U(VI), δvi-aq, and that of the adsorbed U(VI),δvi-sorb, must
equal the δ238/235U of the total produced U(VI), δvi-tot. Let fsorb be the fraction of adsorbed
U(VI). Assuming isotope fractionation caused by adsorption is 0.2h, with dissolved U(VI)
being isotopically heavier, we have
δvi−aq − δvi−sorb = 0.2 (3.5)
and
(1− fsorb) · δvi−aq + fsorb · δvi−sorb = δvi−tot (3.6)
From above two equations the δvi-aq can be solved
δvi−aq = 0.2 · fsorb + δvi−tot (3.7)
in which δvi-tot was allowed to vary from −0.2h at beginning of oxidation to 0.05h at 20%
oxidation, to account for the kinetic isotope fractionation in the very early stages of the
experiment. After 20% oxidation, the produced U(VI) remained the same as the starting
composition of the solid U(IV), due to the “rind effect”.
In order to solve for δvi-aq, the only unknown variable in eqn 3.7 is fsorb. Assuming
the filter disk does not adsorb U(VI), then the adsorbed U(VI), Cvi-sorb (mol of adsorbed
U(VI) per mol of solid U(IV)), depends on the amount of U(IV) solid and the amount of
U(VI), as well as the affinity of dissolved U(VI) to U(IV) solid surfaces. Let total U(VI),
dissolved U(VI), and solid U(IV) concentrations be Cvi-tot, Cvi-aq, and Civ respectively and
assume adsorption U(VI) to U(IV) particles conform to a Langmuir adsorption model, we
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have following two equations:
Cvi−sorb · Civ + Cvi−aq = Cvi−tot (3.8)
Cvi−sorb =
a · Cvi−aq
(1 + b · Cvi−aq) (3.9)
where the Langmuir constants a = 1 and b = 0.05, which were obtained by allowing them
to vary until the model produced reasonable fit to the observed trends in Fig. 3.4. From
these two equations, the fraction of adsorbed U(VI), fsorb, can be solved, and therefore δvi-aq
can be calculated.
Modeling results are presented in table 3.3 and Fig. 3.6. The model was able
to reproduce what we observed in the experiments fairly well (Fig. 3.6-B vs. Fig. 3.4-
A2 and B2). The model shows that in the early stages, the adsorbed fraction is high.
Eqn 3.6 requires low δvi-sorb and high δvi-aq to balance δvi-tot. However, the initial kinetic
fractionation during oxidation produced negative δvi-tot. Therefore, eqn 3.7 predicts δvi-aq
was initially negative (controlled by kinetic fractionation). As oxidation proceeded, the Civ
decreases and Cvi-tot increases, causing the fsorb to decrease (Fig. 3.6), leading to decrease
in δvi-aq (eqn 3.7). In other words, δvi-aq follows the trend of fsorb except in the early
stages of oxidation. As the oxidation proceeded, eqn 3.5 dictates that decreasing δvi-aq
leads δvi-sorb to decrease as well, and would eventually go to negative. This negative δvi-sorb
and the small amount of remaining U(IV) retained on the filter, which was measured, lead
δ238/235U of measured U(IV) to evolve toward negative. The last U(IV) data point at the
end of experiments 3 and 4 are much more negative than the model predicts, probably
because the filter disk adsorbed some U(VI) when U(IV) was all oxidized, which was not
considered in the model.
The purpose of this model is to illustrate that adsorption is one likely mechanism
of explaining the observed weak fractionation during oxidation of solid U(IV). Uncertainty
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sources in the model include the assumed 0.2h fractionation between adsorbed U(VI) and
dissolved U(VI), the Langmuir model constants a and b, the assumed magnitude of kinetic
fractionation in the early stages of oxidation, and the adsorption capacity of the filters used
to separate residual U(IV) solid and produced U(VI).
3.4.4 Implications
The results of this study provide an initial assessment of isotope fractionation induced by
oxidation of U(IV) to U(VI) by dissolved oxygen; application of these results to natural
settings should be done with caution. Our results for the oxidation of dissolved U(IV)
show that the potential exists for significant isotope fractionation, with an isotopically
light product. However, the acidic conditions of these experiments are far from natural
conditions, and thus the results are useful mostly for advancing our general understanding
of U isotope systematics. Nevertheless, these results may provide useful information in
situations where U(IV) is complexed and solubilized by natural organic molecules, and
oxidation of such dissolved organic-bound U(IV) may induce significant fractionation.
The weak isotope fractionation during oxidation of synthetic nano U(IV) particles
should also apply to biogenic nanometer scale uraninite particles in biostimulated remedi-
ation sites. If this is true, the isotope composition of U(VI) in groundwater is not likely to
be shifted by oxidation of previously produced uraninite particles.
In natural weathering environments, U(IV) exists mainly as solid minerals, such as
brannerite (UTi2O4), uranothorite ((U, Th)SiO4), and uraninite (UO2) (Ono 2001). Time
scales of oxidative dissolution of these minerals depend on many factors, such as pCO2,
pO2, pH, and particle sizes (Grandstaff 1976). Under early earth’s conditions where O2
was <1% present atmospheric level (Kump 2008), the oxidation was extremely slow. For
example, using Ono’s (Ono 2001) kinetic data, it would take about 6 years to oxidize one
uraninite particle with a size of 1 mm3 (6 × 104 µm2) at present atmospheric oxygen level,
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and about 60 years at 1% of present atmospheric oxygen level, all other factors being equal
(personal communication with Noah Planavsky and Christopher Reinhard).
Even though our experiments show very weakly fractionated U(VI) (about 0.1h)
during oxidation of synthesized solid U(IV) in a few hours, U(VI) and remaining uraninite
minerals in natural settings, if in contact for long enough time, is potentially able to evolve
toward partial isotopic equilibrium. In chapter 4, appreciable extent of isotopic exchange
between solid U(IV) and dissolved U(VI) occurred on time scales of days, which is short
relative to oxidation of natural uraninite. However, in natural weathering environment,
the weathering fluid is probably flushed away, at rates dependent on local hydrogeological
conditions such as permeability and precipitation. This may prevent significant isotope
exchange due to prolonged contact between oxidized U(VI) and remaining U(IV) minerals.
Further, since only surface U atoms on U(IV) minerals particles are able to exchange isotopes
with dissolved U(VI), impact of equilibrium fractionation on the dissolved U(VI) is limited
by the small percentage of surface active U(IV), which is dependent on molecular structure
and the sizes of U(IV) minerals, as well as concentrations of U(IV)-bearing minerals in rocks.
This may explain the natural observation that continental δ238/235U (reduced U(IV)) is
similar to the average of major rivers’ δ238/235U (oxidized U(VI) (Stirling et al. 2007; Weyer
et al. 2008; Noordmann et al. 2010).
Measurements of 238U/235U in various natural weathering environments should be
undertaken to examine potential isotope fractionation during oxidation of U(IV) minerals.
3.5 Conclusions
Oxidation of dissolved U(IV) in acidic-pH solution was observed to cause the product U(VI)
to be about 1.1h lower in δ238/235U than the remaining dissolved U(IV). Whether such pat-
tern is caused by kinetic fractionation or equilibrium fractionation cannot be differentiated
by the current data. We suggest the observed fractionation is a combination of kinetic and
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equilibrium effect.
Oxidation of synthetic, solid UO2 at neutral pH conditions caused very weak frac-
tionation of U isotopes, with the δ238/235U of the dissolved U(VI) being about 0.1h higher
than the remaining solid U(IV). This small shift can be explained by adsorption of isotopi-
cally light U onto the U(IV) solid.
These results suggest that although isotope fractionation can occur during oxidation
of U(IV), observed fractionation is likely limited if dissolution of solid U(IV) occurs in a
congruent manner and/or if contact time between U(VI) and U(IV) phases is brief. Studies
on isotopic exchange kinetics between solid U(IV) and U(VI) and on 238U/235U in natural
weathering settings are needed to explore this further.
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Table 3.2: Results for experiment 3 and 4 focusing on oxidation of synthetic solid U(IV) in
20 mM NaHCO3.
Exp’t Time [U]IV [U]VI [U]total F δ238/235U δ238/235U
dissolved dissolved dissolved IV VI
hour 10-5 mol L-1 10-5 mol L-1 10-5 mol L-1 h h
3 0.2 2.3 0.5 2.8 0.84 0.04 0.09
0.4 1.9 0.8 2.7 0.70 0.00 0.15
1.0 1.2 1.6 2.8 0.42 0.03 0.14
1.6 0.6 2.1 2.7 0.23 0.00 0.11
3.0 0.3 2.5 2.8 0.10 -0.05 0.15
3.9 0.2 2.6 2.8 0.06 -0.14 0.10
4 0.1 2.5 0.1 2.6 0.95 0.02 -0.13
0.3 2.0 0.2 2.3 0.90 0.15 0.14
0.4 1.7 0.4 2.0 0.83 0.06 0.26
0.6 1.6 0.5 2.1 0.76 0.02 0.34
0.8 1.4 0.7 2.1 0.68 0.14 0.26
1.3 1.0 1.1 2.1 0.47 0.04 0.16
1.8 0.7 1.5 2.2 0.31 0.08 0.17
2.4 0.3 1.9 2.2 0.14 0.03 0.14
3.0 0.1 2.0 2.1 0.06 -0.22 0.13
77
Table 3.3: Result for the oxidation model incorporating adsorption and mass balance,
generated to reproduce the data produced by experiment 3 and 4.
Civ Cvi-tot Cvi-aq Csorb δvi-tot δvi-aq δvi-sorb δiv + sorb vi
0.99 0.01 0.01 0.50 -0.20 -0.100 -0.300 0.051
0.94 0.06 0.03 0.49 -0.10 -0.002 -0.202 0.052
0.89 0.11 0.06 0.48 0.00 0.097 -0.103 0.047
0.84 0.16 0.08 0.47 0.05 0.145 -0.055 0.041
0.79 0.21 0.11 0.46 0.05 0.143 -0.057 0.038
0.74 0.26 0.14 0.45 0.05 0.141 -0.059 0.035
0.69 0.31 0.17 0.44 0.05 0.138 -0.062 0.032
0.64 0.36 0.21 0.43 0.05 0.135 -0.065 0.028
0.59 0.41 0.24 0.41 0.05 0.132 -0.068 0.024
0.54 0.46 0.28 0.39 0.05 0.128 -0.072 0.020
0.49 0.51 0.32 0.37 0.05 0.124 -0.076 0.015
0.44 0.56 0.37 0.35 0.05 0.119 -0.081 0.010
0.39 0.61 0.42 0.32 0.05 0.114 -0.086 0.005
0.34 0.66 0.47 0.29 0.05 0.107 -0.093 -0.001
0.29 0.71 0.53 0.25 0.05 0.101 -0.099 -0.007
0.24 0.76 0.60 0.22 0.05 0.093 -0.107 -0.014
0.19 0.81 0.67 0.17 0.05 0.085 -0.115 -0.020
0.14 0.86 0.75 0.13 0.05 0.076 -0.124 -0.027
0.09 0.91 0.83 0.09 0.05 0.067 -0.133 -0.035
0.04 0.96 0.92 0.04 0.05 0.058 -0.142 -0.042
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Figure 3.1: XRD patter for the synthesized U(IV) particles. High and sharp peaks represent
the XRD pattern of reference uraninite; low and wide peaks represent the synthesized solid
U(IV).
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Figure 3.2: Test results for separation of dissolved U(IV) and dissolved U(VI) with AG1X8
(100–200 mesh) resin. Circles represent U(IV) rinsed with 4.5 M HCl. Squares represent
U(VI) released by 0.1 M HCl. Similar δ238/235U between different collected fractions suggest
negligible isotope fractionation during the separation step.
Figure 3.3: Results for oxidation of dissolved U(IV) by air in 0.1 M HCl. A: Concentration
changes over time. B: δ238/235U as a function of the fraction of U(IV) remaining (F). Solid
straight lines are modeled δ238/235U for U(IV) and U(VI) as a function of F, assuming
equilibrium fractionation with Δ238/235U = 1.1h. Dashed curves are the modeled trend
assuming Rayleigh-type kinetic fractionation with best fit ε238/235U = −0.69h.
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Figure 3.4: Results for oxidation of synthetic solid U(IV) by air in 20 mM NaHCO3. The
left panel shows concentration changes over time; the right panel shows δ238/235U changes
as a function of the fraction of remaining U(IV). The horizontal dashed lines in A2 and B2
represent the starting δ238/235U of the synthetic solid U(IV).
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Figure 3.5: Natural log plot of fraction of remaining U(IV) as a function of time, assuming
first reaction order in terms of U(IV) concentration. The solid line together with the
equation is the least square fit to the open square data points.
Figure 3.6: Results of the model developed to explain the observed results in experiment 3
and 4.
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Chapter 4
U isotopic exchange kinetics
4.1 Introduction
Uranium (U) attracted great interest in past decades due to its applications in nuclear
energy and weapons industries, as well as the adverse environmental impacts of the waste
associated with U mining and processing. Uranium has caused groundwater pollutions in
many places, raising serious public health concerns (Abdelouas et al. 1999b; Abdelouas
2006; Parrish et al. 2008). The metal toxicity and radioactivity of U are related to kidney
diseases, endocrine disorders, and cancers (Schnug and Lottermoser 2013). However, the
toxicity is dependent on U bioavailability, which is controlled by U speciation.
U exists mainly in two valence states in natural settings: U(VI) and U(IV). U(VI)
forms stable complex with carbonate ions and is very mobile (Langmuir 1978). Under
reducing conditions, U(VI) can be reduced to U(IV), which is highly insoluble. Therefore,
in situ reduction of U(VI) to U(IV) is a potential way of limiting U bioavailability and
thus mitigating U contamination. There are many reductants in natural settings that can
reduce U(VI), such as aqueous Fe(II), Fe(II) minerals, sulfide minerals, and hydrogen sulfide
(Liger et al. 1999; O’Loughlin et al. 2003; Hua and Deng 2008; Du et al. 2011; Hyun et
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al. 2012). Biostimulation is another strategy to reduce U(VI) via stimulating indigenous
microorganisms by injecting organic substances to act as electron donors (Lovley et al. 1991;
Phillips et al. 1995).
Traditional monitoring of U remediation by concentration measurement is not very
reliable because U concentration can also be influenced by adsorption, mixing with un-
contaminated water, and advection of complex plumes past monitoring points. Previous
work at the Rifle (CO, USA) Integrated Field Research Challenge (IFRC) site showed that
50–60% of total acid extractable U is adsorbed U(VI) (Campbell et al. 2012; Shiel et al.
2013). Under certain geochemical conditions, the adsorbed U(VI) can be desorbed and
becomes mobile again. Therefore, more reliable method is needed to assess the effectiveness
of reductive remediation.
The isotopic ratio 238U/235U has been proposed as an alternative method to detect
and potentially quantify reductive immobilization of U(VI). Previous research focused on
a field biostimulation experiment found systematic changes in 238U/235U with decreasing
U concentration (Bopp et al. 2010). This observation has been augmented by laboratory
experiments on microbial reduction of U(VI) (Basu et al. submitted).
The application of 238U/235U measurement as a U(VI) reduction monitor requires
a clear understanding of potential isotope fractionation by processes other than reduction.
Adsorption is one of the relevant processes. Brennecka et al. (2011a) found that the
dissolved U(VI) is isotopically heavier by about 0.2h than the U(VI) adsorbed to manganese
oxide birnessite. However, Shiel et al. (2013) did not observe measurable 238U/235U shift
when bicarbonate was used to extract the adsorbed U(VI) at the Rifle IFRC site. Therefore,
currently it appears that adsorption can only cause small isotope fractionation, if any, to
the dissolved U(VI). However, more minerals and field experiments with more varying
conditions are still to be explored to further assess potential isotope fractionation caused
by adsorption/desorption.
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Oxidation of the reduced U(IV) is another process that can potentially fraction-
ate 238U/235U. Recent studies found that biogenic U(IV), particularly non-uraninite U(IV)
species, can potentially be oxidized by oxygen-bearing fluid (Komlos et al. 2008; Sharp
et al. 2011; Campbell et al. 2012; Stylo et al. 2013). Our recent experiments (chapter 3) on
oxidation of solid U(IV) (abiotically synthesized) in 20 mM NaHCO3 (pH 9.4) generated
very weak fractionation.
Apart from adsorption and oxidation, 238U/235U of U(VI) can also be shifted by
isotopic exchange between the coexisting U(VI) and U(IV). A simplistic view, often used
to interpret stable isotope data from groundwater systems, would assume that in a system
with ongoing reduction, only the reduction reaction affects isotopic ratios. However, when
in contact, U(IV) and U(VI) can exchange isotopes with each other through the following
reaction:
238U(V I) +235 U(IV ) = 238U(IV ) +235 U(V I) (4.1)
in which two electrons are transferred from U(IV) to U(VI). The net effect of eqn 4.1 is
that U(VI) and U(IV) have exchanged one isotope with each other. Therefore, 238U/235U of
coexisting U(IV) and U(VI) will be shifted until the isotopic exchange reaction eventually
approaches an equilibrium state with an equilibrium constant of k, also called the isotope
fractionation factor α
k =
[235U(V I)][238U(IV )]
[238U(V I)][235U(IV )]
=
(238U/235U)IV
(238U/235U)V I
= αIV−V I (4.2)
Typically, one electron transfer occurs when U(IV) and U(VI) collide with each
other and produce an intermediate species U(V) (Betts 1948; Masters and Schwartz 1961).
The second electron transfer only occurs when intermediate species collide again. Two
electron transfers during a single collision is considered to be not frequent. The likelihood
of exchange is also decreased by the change in coordination of oxygen atoms bounded to U.
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Further, the U(VI) intermediate species are not stable and sometimes disproportionate or
go back to original oxidation state (Betts 1948). Therefore, in solutions when both U(IV)
and U(VI) are free ions in constant random motion, such electron transfer mechanism by
collision is expected to be slow. Another way to transfer electrons between U(IV) and
U(VI) is via electron shuttles. Quinones contained in natural organic matter (Lovley et al.
1996; Scott et al. 1998) can serve as natural electron shuttles in groundwater systems or
soil profiles. Alternatively, if U(IV) is solid, U(VI) can be adsorbed to solid U(IV) surfaces,
making two electrons more likely.
The observed isotopic shifts in 238U/235U are thought to be dominantly caused by a
mass independent effect called nuclear shift, or the nuclear volume effect (NVE) (Bigeleisen
1996; Schauble 2007; Abe et al. 2008). For heavy elements like U, the size of the nuclei
can affect the electron configuration of atoms. According to NVE described by Schauble
(Schauble 2007), a larger nucleus has less charge density in and near the nucleus, caus-
ing electrons that have large electron density at the nucleus (s-orbital electrons) to be less
stable in larger nuclei compared to smaller nuclei. Since p, d, and f-orbital electrons and
s-orbital electrons are mutually screening, p, d, and f-orbital electrons are indirectly sta-
bilized around larger nuclei relative to smaller nuclei. U(IV) and U(VI) have [Rn]5f2 and
[Rn]5f0 electron configuration, respectively. Therefore, since f-orbital electrons favor larger
nuclei, at isotopic equilibrium, 238U will be preferentially partitioned into U(IV) while 235U
will tend to partition into coexisting U(VI). The sense of fractionation is opposite to the
prediction by traditional mass-dependent fractionation that heavier isotopes tend to parti-
tion into phases with higher valence states (Schauble 2004). Therefore, the overall, observed
equilibrium fractionation for U is a combined effect resulted from the competition between
mass-dependent effect and an opposite but larger mass-independent effect.
The kinetics of isotopic exchange between dissolved U(IV) and dissolved U(VI) in
high concentration, acidic-pH solutions have been studied previously (Betts 1948; Rona
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1950; Masters and Schwartz 1961). Results from those experiments did not agree with
each other well, possibly because they were conducted in different acid media. Since those
experimental conditions are far from natural settings, the connection of these experimental
kinetic data to real-world systems is tenuous, because in a natural settings U(IV) is most
likely in solid state. The isotopic exchange mechanism between solid U(IV) and dissolved
U(VI) is likely to be fundamentally different from that between dissolved U(IV) and dis-
solved U(VI). U(VI) can be adsorbed to the surface of solid U(IV) and keep in contact for
some time, perhaps long enough to allow for two electron transfers. If 238U/235U is shifted
by isotopic exchange significantly on short time scales, the original U(VI) isotope signature
set by U(VI) reduction will be overprinted, complicating the application of 238U/235U as
quantitative reduction monitor.
238U/235U isotope measurement also shows promise as a paleoredox proxy for early
earth’s atmosphere and ocean. The isotopic composition and concentration of U in sea-
water are sensitive to the redox state of the ocean. For example, both U concentration
and 238U/235U of the anoxic Black Sea water were found to decrease systematically with
increasing water depth (i.e., increasing anoxia), indicating U(VI) is gradually reduced to
U(IV) accompanied by systematic U isotope fractionation (Romaniello et al. 2009). The
long ocean residence time of U (about 500 kyr) makes marine sedimentary U isotope record
a good redox proxy for global ocean (Montoya-Pino et al. 2010; Brennecka et al. 2011b).
The marine 238U/235U record is also used to trace the onset of biogenic oxygen
production on earth’s surface. In continental rocks, U is almost exclusively U(IV). Oxidative
weathering mobilizes the U(IV), and rivers carry the oxidized U(VI) to the ocean, where U
is ultimately buried in marine sedimentary rocks. Before the emergence of biogenic O2, the
ocean reservoir of U was vanishingly small and the marine sedimentary 238U/235U was close
to that of continental rocks (Brennecka 2011; Kendall et al. 2013), contributed mainly by
detrital input of U(IV)-bearing minerals. The emergence of biogenic O2 led to production of
87
soluble U(VI), which gradually increased the ocean U reservoir, allowing partial reduction
of U(VI) in the ocean and thus making of U isotope variation possible (Kendall et al. 2013).
Therefore, the U isotope record in old marine sedimentary rocks can potentially link to the
redox state of the atmosphere.
Although many natural samples have been analyzed for 238U/235U, interpretation
of these observations requires clear understanding of isotope fractionation factors associ-
ated with specific fractionation mechanisms. During weathering, partially oxidized rock
probably contain both remaining solid U(IV)-bearing minerals and dissolved U(VI) in pore
spaces, and the two could coexist for a long enough time to exchange isotopes. In such
scenarios, isotopic exchange between U(IV) and U(VI) could potentially influence the U
isotope composition of the weathering fluid.
In this study, we conducted laboratory experiments to measure the equilibrium
fractionation between dissolved U(VI) and dissolved U(IV), as well as the isotopic exchange
kinetics between dissolved U(VI) and solid U(IV).
4.2 Experiments and methods
Experiment 1 was conducted at high concentration and acidic condition, where both U(IV)
and U(VI) were dissolved, to determine the equilibrium fractionation factor. This experi-
ment was designed with high U concentrations so as to increase U(VI)-U(IV) interactions
and attain isotopic equilibrium between U(IV) and U(VI) within a reasonable amount of
time. Experiments 2 through 6 were designed to determine isotopic exchange rates under
conditions somewhat close to those found in many natural settings. They were conducted
with low U concentrations in bicarbonate media at pH 7. Isotopic exchange was expected
to be slow at low concentrations. Therefore, a 235U-enriched U(IV) (δ238/235U ≈ −80h)
was paired with U(VI) of natural isotopic composition (δ238/235U = 0h), so that a small
extent of isotopic exchange could be detected as a relatively large shift in δ238/235U.
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4.2.1 Preparation of U(IV) and U(VI) solutions and U(IV) solid
Synthesis of U(IV) solid was similar to that described in chapter 3. Briefly, U(VI) with
natural isotopic composition was reduced to U(IV) by zinc metal in 1 M sulfuric acid,
followed by precipitation of U(IV) using ammonium hydroxide (Ondrejcin 1961). The U(IV)
precipitate was centrifuged and washed three times with O2-free 20 mM bicarbonate buffer
(pH 7) to remove sulfate and Zn ions, and finally dissolved in 4.5 M HCl. All containers
used to synthesize U(IV) were purged with pure N2 (passed through heated copper wire
before use) to remove air. The final product U(IV) in 4.5 M HCl was also purged with
pure N2 gas. This U(IV) solution was used for experiment 1 to determine the equilibrium
fractionation between dissolved U(IV) and dissolved U(VI). The dissolved U(VI) stock with
natural isotope composition for this experiment was also prepared in 4.5 M HCl and purged
with pure N2. The U(IV) and U(VI) solutions were stored in serum bottles with pure N2
headspace (positive inside pressure) for 2 weeks before use. After purification (see below),
the δ238/235U of the dissolved U(IV) stock and the dissolved U(VI) stock were measured to
be 0.05± 0.06h (2 × RMS, eqn 2.6) and −0.04± 0.06h, respectively.
For experiments 2 through 6 focusing on isotopic exchange rates between solid U(IV)
and dissolved U(VI), the 235U-enriched U(IV) precipitate was created as follows: A small
amount of 235U-enriched U(VI) solution was added to an isotopically normal U(VI) solution
to obtain a δ238/235U value of about −80h. Then the mixture was dried down and treated
with the U(VI) reduction and U(IV) precipitation procedures described above. The final
235U-enriched solid U(IV) product was suspended in O2-free 20 mM NaHCO3 buffer (pH
7). XRD for the solid U(IV) is similar to previously published pattern for nanometer scale
uraninite (Singer et al. 2009). Particle sizes estimated from the observed widening of the
diffraction peaks ranged from 3 nm to 8 nm.
The U(VI) stock solution with natural isotope composition for these experiments
was also prepared in the same 20 mM NaHCO3 buffer. The stock U(IV) suspension and
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stock U(VI) solution were purged with the same CO2 + N2 gas mixture (passed through
heated copper wire) as that used to make the bicarbonate buffer solution. Finally, the
stock U(IV) suspension and stock U(VI) solution were stored in serum bottles with CO2
+ N2 headspace (positive inside pressure) for two weeks before use. The δ238/235U of the
suspended solid U(IV) stock and the dissolved U(VI) stock were purified (see below) and
measured to be −87.75± 0.27h (95% confidence) and −0.04± 0.06h.
4.2.2 Experiment 1 to determine equilibrium fractionation
Steps were taken to avoid oxidation of U(IV) during the experiments and, more importantly,
during preparation of samples for isotopic measurements. Separation of U(VI) and U(IV)
using ion exchange chromatography in this experiment required about 30 minutes; signif-
icant oxidation of U(IV) solutions by exposure to air could occur in that time frame. To
avoid oxidation, this experiment and separation procedure were conducted in an anaerobic
glove box filled with 90% N2 and 10% percent of H2, with palladium as the catalyst to
remove trace oxygen.
Small amounts of the dissolved U(IV) and U(VI) stock solutions were injected into
O2-free nanopure water in a serum bottle sealed by a butyl stopper to obtain equal con-
centration (0.03 mol L−1) of U(IV) and U(VI). The serum bottle was then wrapped in
aluminum foil to avoid photochemical reactions and left standing at room temperature. It
was shaken vigorously before each sampling event. Final U(IV) and U(VI) concentrations
were measured to be 0.032 mol L−1 for U(IV) and 0.035 mol L−1 for U(VI). The HCl con-
centration was found to be 0.625 M via titration. The experimental solution was sampled
by removing 40 µL of solution periodically, diluted into 0.5 mL 4.5 N HCl, and immediately
loaded onto precleaned and preconditioned AG1X8 anion exchange resin to separate U(IV)
and U(VI) (see § 4.2.5).
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4.2.3 Experiments 2 through 6 to determine isotopic exchange kinetics
For experiments 2 through 6 where the pH was neutral and the U(IV) was present in a solid
phase, separation of U(IV) from U(VI) was accomplished by quick filtration. Therefore,
those experiments were conducted in the air, but with experimental solutions sealed in
O2-free serum bottles.
Varying volumes of O2-free 20 mM NaHCO3 buffer solution (pH 7), U(VI) stock,
and solid U(IV) suspension in the same buffer solution were sequentially injected into 100
mL serum bottles previously purged with the CO2 + N2 mixed gas. The serum bottles were
wrapped in aluminum foil and constantly agitated on a shaker table at room temperature.
Final concentrations of U(IV) and U(VI) in each experiment are listed in Table 4.2. Experi-
mental suspensions were sampled periodically and immediately filtered with 0.1 µm syringe
filters. The filtrate was saved for isotope analysis, but the solid residue was discarded. Tests
showed it was possible to separate U(VI) without contamination by U(IV) but impossible
to separate U(IV) without contamination by U(VI). The reason might be that some U(VI)
was adsorbed to the U(IV) and filter disk. Washing the solid residue and filtering disk to
remove adsorbed U(VI) was avoided, because would inevitably remove some U(IV) from the
surface of the solid.This could have caused significant isotopic change, because the surficial
U(IV) layer is where isotopic exchange can modify isotopic composition. Therefore, U(IV)
was not measured for isotopes in these experiments.
4.2.4 Double spike method
High precision 238U/235U measurements were obtained using a double spike approach, which
corrects for instrumental mass bias during analysis (Bopp et al. 2010). The U double
spike solution contained 233U and 236U with calibrated concentration and isotopic ratio
(233U/236U = 0.45). Samples were doped with small amount of the double spike before
chemical purification to yield a 238U/236U ratio of about 30. This double spike technique
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also allows calculation of sample concentration via an isotope dilution method, based on
measured 238U/236U ratio and careful measurement of the amount of double spike used
relative to sample mass.
4.2.5 Anion exchange chromatography
For experiment 1, the separation of dissolved U(IV) and dissolved U(VI) was carried out
in the glove box immediately after sampling and dilution, using an anion exchange resin
column (AG1X8, 100–200 mesh, Eichrom). The separation relies on the fact that in 4.5
N HCl, U(VI) forms anionic complexes with Cl− and adsorb to the resin while U(IV) and
other cations pass through the resin (Hussonnois et al. 1989; Ervanne 2004). Samples in
4.5 M HCl were loaded onto 0.5 mL AG1X8 resin precleaned by 4 mL 0.1 M HCl and
preconditioned with 1 mL 4.5 M HCl. U(IV) was eluted with 2 mL 4.5 M HCl (1 + 1 mL
increment) and U(VI) was then released from the resin by 3 mL 0.1 M HCl (0.5 + 0.5 + 1
+ 1 mL increment).
Tests showed there was no fractionation during this separation step by analyzing
238U/235U of different fractions of collected U(IV) and U(VI) (chapter 3). Therefore, no
double spike was added before the AG1X8 anion exchange step. The separated U(IV) and
U(VI) were taken out of the glove box to oxidize U(VI), and further purified by a UTEVA
resin step (see below) to remove matrices.
4.2.6 UTEVA chromatography
The concentrations of all samples, including separated U(IV) and U(VI) from experiment
1 and filtered U(VI) in experiment 2 through 6, were first roughly measured by comparing
signal intensity with concentration standards on a Nu Plasma MC-ICP-MS (see below).
After the concentrations were measured, aliquots containing 300 ng U were taken and
doped with a small, carefully measured amount of the double spike to achieve a 238U/236U
92
ratio of about 30. Spiked samples were dried down gently overnight at about 60 ◦C. Dried
sample-spike mixtures were then dissolved in 1 mL 3 M HNO3 and processed by a UTEVA
procedure modified from previous studies (Bopp et al. 2010; Shiel et al. 2013). Briefly,
samples in 3 M HNO3 were loaded onto 2 mL UTEVA resin precleaned with 4 mL 0.05 M
HCl and conditioned with 1 mL of 3 M HNO3. Matric solutes were rinsed with 2 mL 3 M
HNO3 (1 + 1 mL increment). U(VI) was released from the resin with 2.5 mL 0.05 M HCl
(0.5 + 1 + 1 mL increment). Samples were dried down completely and redissolved in 0.3
M HNO3 for isotope analysis.
4.2.7 Mass spectrometry
Purified U samples were analyzed for 238U/235U on a Nu Plasma HR (Nu 035; Nu In-
struments, UK) MC-ICP-MS. The measurement method has been described in previous
publications (Bopp et al. 2009; Bopp et al. 2010; Shiel et al. 2013). In brief, the sample
solution was introduced into the plasma by a DSN-100 desolvating system (Nu Instrument,
UK). Ion beams (233U, 235U, 236U, and 238U) were collected by Faraday collectors in a sin-
gle cycle with 5 blocks of 10 integrations, each lasting eight seconds. 238U was collected in
a Faraday collector with 1010 Ω resister while all other beams were collected in collectors
with 1011 Ω resister. Since the mass separation between two collectors is 1 atomic mass unit
(amu), the tailing of the 236U peak can potentially affect 235U. A two zeros method was
used to correct potential tailing effect, where the signal was measured 0.5 amu above and
below the measured mass for 30 seconds and the average of those two values was subtracted
from measured peak signal.
Standard CRM 112-A was analyzed before and after every three samples. Despite
the use of the double spike, drift in the measured standard value still occurred. This
drift is thought to be related to departure of the instrument’s mass bias from the ideal
exponential law assumed, and should affect samples and standards equally. Therefore,
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measured sample δ238/235U values were normalized to the bracketing standards assuming
linear changes in mass bias within a bracketing cycle. Two secondary standards IRMM 18-A
(JRC, Brussels, Belgium) and CRM 129-A (New Brunswick Laboratory, U.S. Department
of Energy) were also analyzed routinely to ensure accuracy. The running average for IRMM
18-A and CRM 129-A were −0.16±0.12h (2SD, n = 13) and −1.71±0.06h (2SD, n = 10),
respectively, which agree with previously published results (Shiel et al. 2013). The external
analytical uncertainty of samples is 0.08h (2 × RMS, n=8, eqn 2.6) for experiment 1 and
0.27h (2 × RMS, n=4) for experiments 2 through 6. The larger uncertainty in the latter
set of measurements arose from the very large contrasts in isotopic composition among the
samples, and the fact that very small amounts of contamination from natural U during
sample preparation can significantly affect samples that are isotopically very different.
4.3 Results
4.3.1 Cross contamination
In experiment 1, the recovery was about 95% for U(IV) and about 96% for U(VI) during
the AG1X8 separation step. Since the separation of U(IV) and U(VI) during the AG1X8
chromatography was not complete (5% of the U(IV) fraction was eluted with the U(VI)
fraction and 4% of the U(VI) fraction was eluted with the U(IV) fraction), corrections for
cross-contamination between U(IV) and U(VI) were made using on mass balance calcula-
tion.
In experiments 2 through 6 where the pH was neutral and thus U(IV) was solid,
cross contamination can potentially be caused by the solubility of U(IV) and U(IV) particles
breaking through the filters. The cross contamination caused by dissolved U(IV) is negligible
because of the extremely low solubility of solid U(IV) at pH 7 (10−13 M, (Langmuir 1978)).
In the presence of 20 mM bicarbonate, the solubility is higher but is still extremely low
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(10× 10−11 M, calculated using MINEQL 4.62.2).
A separate test was also conducted to investigate potential passage of U(IV) particles
through the 0.1 µm filter. In this test, the U(IV) stock suspension was filtered and U mass
in both the filtrate and residual solid U(IV) were measured. The test result showed that the
filtrate contained 10.5% of total U present in the solid U(IV) stock suspension. This U in the
filtrate could have resulted from U(IV) particle breakthrough, or presence of dissolved U(VI)
in the solid U(IV) stock. To distinguish these two possibilities, the residual solid U(IV) of
the first filtration was resuspended in O2-free 20 mM NaHCO3, stirred, and filtered again
immediately. No U was detected in the second filtrate. If the U detected in the first filtrate
was due to particle breakthrough, they should have been detected in the second filtrate as
well. Therefore, we attributed the U detected in the first filtrate to U(VI) impurity, instead
of particle breakthrough. The U(VI) impurity was probably due to incomplete reduction
of U(VI), or due to partial reoxidation during precipitatation and washing. Oxidation of
U(VI) did not occur after the experiment started, because no detectable increase in U(VI)
concentration was observed in those experiment (Table 4.3 and Fig. 4.2).
Successful blocking of nanometer scale particles by submicron filters has also been
routinely achieved in other laboratories (personal communication with Dr. Maxim Boy-
anov). It may be related to the observation of 100 nm wide aggregations formed by nano
crystalline U(IV) partices (Abdelouas et al. 1999a)
4.3.2 Experiment 1 focusing on equilibrium fractionation
Results for experiment 1 are presented in Table 4.1 and plotted in Fig. 4.1. Both cor-
rected and uncorrected values are given in Table 4.1. The correction is small, ranging from
0.01h to 0.09h. The δ238/235U values of U(IV) and U(VI) started from near zero and grad-
ually diverged from each other until isotopic equilibrium was reached in about 19 days. The
equilibrium fractionation between dissolved U(IV) and dissolved U(VI) was 1.64 ± 0.16h,
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with U(VI) being depleted in 238U relative to U(IV). The stable concentrations of U(IV) and
U(VI) demonstrate that no U(IV) oxidation occurred during the experiment (Fig. 4.1-A).
Our determined 1.64±0.16h equilibrium fractionation agrees with a previously determined,
lower precision value of 1.3± 0.4h by Florence et al. (1975).
4.3.3 Experiment 2 through 6 focusing on isotopic exchange rates
Results for experiments 2 through 6 are presented in Table 4.2 and 4.3 and Fig. 4.2. The
concentration data plotted in Fig. 4.2 show that no detectable oxidation occurred during
these experiments. The adsorbed U(VI) concentration (in mol adsorbed U(VI) L−1) was
calculated by subtracting the measured dissolved U(VI) concentration from the total U(VI)
concentration, which was calculated based on the concentration of U(VI) and U(IV) stock,
the percentage of U(VI) impurity in the U(IV) stock (10.5%; see discussion 4.3.1), as well
as the used volumes of U(VI) and U(IV) stock. The percentage of the total U(VI) adsorbed
ranged from 6% to 19%.
The initial δ238/235U values of the U(VI) were negative, ranging from −8.55 to
−22.97h, despite the fact that the U(VI) stock’s value was −0.04h. This resulted from
a small amount of U(VI) in the U(IV) solid stock, which was present prior the stock’s use
in the experiments (see § 4.3.1). The variation in the measured initial values is consistent
with the varying U(IV)/U(VI) ratios chosen for the experiments. However, the values of
the initial δ238/235U values does not affect the calculation of exchange rates, since exchange
rates are determined from the changes of δ238/235U over time.
All experiments showed significant progress toward isotopic equilibrium within 10
days (Fig. 4.2). The δ238/235U all showed decreasing slope over time (Fig. 4.2), which is
expected as isotopic equilibrium is approached. The exchange rate is surprisingly fast, given
the concentrations of U(IV) and U(VI) in the experiments were more than 3000 times lower
than in experiment 1.
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4.4 Discussion
4.4.1 Mass dependent effect vs. mass independent effect
The determined equilibrium fractionation includes a mass-dependent effect and mass-independent
effect (Bigeleisen 1996; Schauble 2007; Abe et al. 2008):
103lnα = 103(lnKnv + lnKnm) (4.3)
where 103lnα is the overall equilibrium fractionation (i.e., Δ value, eqn 1.4) between U(IV)
and U(VI) determined to be 1.64 ± 0.16h; lnKnv is the nuclear volume term (i.e., mass-
independent term), and lnKnm is the nuclear mass term (i.e., mass-dependent term). Oi et
al. (1986) calculated the lnKnm term to be −0.00122 (negative means 238U is enriched in
U(VI) due to mass-dependent effects). No uncertainties were given by Oi et al. From eqn
4.3 the nuclear volume term lnKnv is calculated to be 0.00286± 0.00016.
This estimate of the nuclear volume effect (lnKnv term) is somewhat greater than
those determined by previous experimental and theoretical work. Previous experimental
work by Fuji et al. (2006) reported that the overall equilibrium fractionation between
U(IV) and U(VI) conforms to a empirical equation:
∆ =
0.69
T
− 82
T 2
(4.4)
where the 0.69/T term is attributed to nuclear volume effect and therefore lnKnv = 0.69/T ;
the −82/T 2 term is attributed to molecular-vibration mass effect and therefore lnKnm =
−82/T 2. Hence, at 25 ◦C (298 K), lnKnv is calculated as 0.69/(293)2 = 0.00232, which
is smaller than the one determined by our experiment. The discrepancy is not very large,
and could have resulted from the −0.00122 calculated by Oi et al., or from the uncertainty
involved in the extrapolation of the experimental data by Fuji et al. (2006), which were
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collected in experiments at temperatures 87–160 ◦C, or from the different experimental
conditions (complexing anions, ionic strength, etc.).
Experimentally determined nuclear volume effects seem to be greater than theoret-
ical estimation. Abe et al. (2008) used an ab initio (first principles) method to estimate
the nuclear volume effect between U(IV) and U(VI) and obtained a lnKnv term of 0.00209
at 35 ◦C, which is 0.0022 when extrapolated to 25 ◦C. This value is smaller than the value
extrapolated from Fuji et al. (2006) as well as the one estimated based on our experiment.
One possible reason is that complexing ligands in our experiments were not considered by
theoretical calculations.
4.4.2 Extraction of exchange rates for the high concentration, acidic-pH
experiment
Isotopic exchange rates (R) were extracted by fitting the data via linear regression to the
general isotopic exchange equation (McKay 1938; Cole and Chakraborty 2001):
− ln(1− F ) = R · t · a+ b
a · b (4.5)
where F is the progress toward isotopic equilibrium, R is the rate of exchange; a and b are
concentrations of two exchanging species; t is time. F is defined as:
F =
δt − δini
δequ − δini (4.6)
where δt, δini, and δequ are the isotopic composition at the time of sampling, the initial
value, and the equilibrium value, respectively. U(VI) data was used to extract exchange
rates.
For the high concentration, acidic-pH experiment, a = [U(IV)]aq (mol L
−1); b =
[U(VI)]aq (mol L
−1)); δini was -0.04h. The δequ value for U(VI) was determined to be
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−0.83h, as the average of the last three cross-contamination-corrected δ238/235U(VI) values
(Table 4.1).
The exchange rates were calculated from the slope in Fig. 4.1-C to be 0.0036±0.0011
mol U(VI) L−1 day−1. The half-life of the isotopic exchange reaction was calculated to be
3.2± 1.0 days by setting F equal to 0.5 in eqn 4.5. Our determined isotopic exchange rate
agrees well with the one (∼0.0022 mol L−1 day−1) calculated using the rate law determined
by Rona’s (Rona 1950) experiment in HCl, the same acid as our experiment. Calculation
using rate laws determined by Masters and Schwartz (Masters and Schwartz 1961) and
Betts (Betts 1948), which were determined in sulfuric and perchloric acid medium, yielded
different rates from that of ours and Rona’s. This suggests that isotopic exchange rates
between dissolved U(IV) and dissolved U(VI) is dependent on solution composition.
4.4.3 Extraction of exchange rates for the low concentration, neutral-pH
experiment
We chose to conduct experiments 2 to 6 at neutral pH because this makes them a little
more relevant to natural environments. However, the fact that U(IV) is solid at neutral
pH complicates the interpretation of the measured δ238/235U, because only U atoms on the
surfaces of the U(IV) particles (referred to as “active U(IV)” hereinafter) are able to interact
with U(VI).
Therefore, when using eqn 4.5 and 4.6 to calculate exchange rates for experiments
2 through 6, a = [U(IV)]active (mol active U(IV) L
−1), b = [U(VI)]total (mol U(VI) L−1); δi
varied between experiments, ranging from −6.38 to −22.97h, due to the presence of small
amount of U(VI) in the U(IV) stock. The δequ values of U(VI) in each experiment was
calculated based on the relative masses and starting δ238/235U(VI) of U(IV) and U(VI), and
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the determined equilibrium fractionation:
δiv.equ − δvi.equ = 1.6 (4.7)
[U(IV )]active ·δiv.equ+[U(V I)]total ·δvi.equ = [U(IV )]active ·δiv.ini+[U(V I)]total ·δvi.ini (4.8)
in which δvi.ini varied between individual experiments; δiv.ini = −87.75h. Active U(IV) con-
centration was used in this calculation because only the active U(IV) can exchange isotopes
with U(VI). Total U(VI) concentration was used because the dissolved U(VI) can quickly
equilibrate with the exchanged adsorbed U(VI) and therefore both should be considered
as one pool. In other words, the total U(VI) was indirectly affected by the isotopic ex-
change between active U(IV) and adsorbed U(VI). The equilibrium fractionation between
solid U(IV) and dissolved U(VI) in experiments 2 through 6 may be slightly different from
the one determined in experiment 1, where both U(IV) and U(VI) were dissolved in HCl.
Therefore, the value used in eqn 4.7 may not be exact, but should be close. If the actual
fractionation departs slightly from 1.64h, the error introduced when calculating progress
toward equilibrium (eqn 4.6) is very small, because the denominator in eqn 4.6 is very large
due to the use of 235U-enriched U(IV).
In order to calculate exchange rates for experiments 2 through 6, the only unknown
parameter left is the concentration of active U(IV). A rough estimate of the percentage of
active U(IV) can be obtained from the particle size and uraninite crystal geometry. The
U-U shell distance in nanoscale uraninite was reported to range from 3.80 to 3.87 A˚ (Suzuki
et al. 2002; Senko et al. 2007; Schofield et al. 2008; Komlos et al. 2008). Using the particle
size (3 to 8 nm) and U-U shell distance of 3.80 to 3.87 A˚, the percentage of U atoms on
the surface of the synthesized U(IV) particles is estimated to range from about 9% to 23%,
with higher value associated with smaller particles.
Since the percentage of U(IV) calculated above is only a rough estimate and the
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percentage probably varied between experiments due to different extent of aggregation
of U(IV) particles, a more accurate method is needed to estimate the concentration of
active U(IV) in individual low concentration, neutral-pH experiment. In experiment 1 (high
concentration, acidic-pH), U(IV) was dissolved and therefore 100% accessible for isotopic
exchange, and calculation using dissolved U(VI) and U(IV) concentration yielded a straight
line (Fig. 4.1-C), as predicted by theory (McKay 1938; Cole and Chakraborty 2001). For
experiments 2 through 6, if total solid U(IV) concentration was used in eqn 4.5, the plot of
−ln(1− F ) vs. time would not form a straight line but a concave down curve (Fig. 4.3-A
for experiment 2 as an example). This is because the actual size of the exchangeable U(IV)
pool is much smaller than the total U(IV) concentration used for calculation. Only using
the correct value of active U(IV) concentration in eqn 4.5 and 4.8 can produce a linear
plot of −ln(1 − F ) vs. time (Fig. 4.3-B). Therefore, the active U(IV) concentration can
be constrained by finding a value that brings the concave-down curve back to be linear
(R2 closest to 1). Using this method, we constrained the percentage of active U(IV) for
each of our experiments ranging from 12% to 31% (Table 4.2), which agrees well with the
rough estimate based on particle size and crystal geometry. The high percentage of active
U(IV) is expected, considering large specific surface area of those nanoscale particles. The
differences in the percentage between experiments likely have resulted from different extents
of aggregation of the U(IV) particles.
Presented in Table 4.3 and Fig. 4.2 are the exchange rates extracted from the
low concentration, neutral-pH experimental data, using active U(IV) and adsorbed U(VI)
concentrations and the equilibrium fractionation extrapolated from the high concentration,
acidic-pH experiment. These results show that faster exchange rates are associated with
higher adsorbed U(VI) concentrations. The half-lives of isotopic exchange are on timescales
of days, with U(VI) and U(IV) concentrations on the order of 10−5 mol−1 L−1.
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4.4.4 Isotopic exchange mechanisms
Previous studies on exchange kinetics between dissolved U(IV) and dissolved U(VI) in
acidic-pH media had a general consensus that an intermediate U(V) species is involved
in the electron transfers between U(IV) and U(VI) (Betts 1948; Rona 1950; Masters and
Schwartz 1961). However, large discrepancies existed in the rate law obtained by those
researchers. Betts (Betts 1948) found the exchange rate was 0.5 order with respect to both
U(IV) and U(VI) concentration in sulfuric acid. Rona (Rona 1950) found the exchange rate
was first order with respect to U(VI) concentration and second order with respect to U(IV)
concentration in hydrochloric acid. Masters and Schwartz (Masters and Schwartz 1961)
found the exchange rate was first order with respect to both U(IV) and U(VI) concentrations
in perchloric acid. It appears that the type of acid (i.e., type of complexing ligand) resulted
in different electron transfer mechanisms.
The isotopic exchange mechanism between solid U(IV) and dissolved U(VI) in a
neutral-pH carbonate solution is likely to be fundamentally different. The solid nature of
U(IV) at neutral pH leads to adsorption of U(VI) the solid U(IV) surface. Adsorption
keeps the adsorbed U(VI) and active U(VI), as well as the intermediate species U(V),
in close proximity and makes two electron transfers easier. This may lead to a simple
isotopic exchange rate law where the isotopic exchange rate is solely related to the amount
of adsorbed U(VI):
R = k · [U(V I)]adsorbed (4.9)
in which R is the isotopic exchange rate in mol adsorbed U(VI) L−1 day−1; k is the rate
constant in day−1; [U(VI)]adsorbed is the abundance of U(VI) adsorbed to U(IV) particles,
in mol adsorbed U(VI) L−1. The active U(IV) concentration is not needed in this equation
since it is already taken into account, because it determines the amount of adsorbed U(VI).
Fig. 4.4 is a log-log plot of calculated exchange rates as a function of adsorbed U(VI)
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concentration for experiments 2 through 6. The slope of near 1 suggests that the rate law
proposed as eqn 4.9 is correct. The rate constant k = 0.199 day−1 at 25 ◦C and pH 7. The
simple first reaction order with respect to adsorbed U(VI) concentration suggests that steps
involving intermediate species U(V), if any, are not limiting the isotopic exchange rate.
Interestingly, the rate law for U is in the same form as the one determined for isotopic
exchange rate between solid Cr(III) and dissolved Cr(VI) (chapter 2). This suggests that
isotopic exchange kinetics between solid and dissolved phases may be described by a general
rate law in the form of eqn 4.9. However, isotopic exchange rate studies of other transitional
elements should be conducted to test this idea.
4.5 Implication
The main incentive of our isotopic exchange experiments is to assess time scales and mag-
nitudes of the effects of isotopic exchange on the isotopic composition of U(VI) in natural
settings. If the impact is significant and occurs in a short enough time, it would complicate
the use of the 238U/235U measurements of U(VI) to detect and quantify reduction of U(VI).
Isotopic exchange causes U(VI) to evolve toward an equilibrium isotopic composi-
tion, which can be constrained by the determined equilibrium fractionation and relative
masses of U(IV) and U(VI):
δiv.equ − δvi.equ = 1.6 (4.10)
λ ·Miv · δiv.equ +Mvi · δvi.equ = λ ·Miv · δiv.ini +Mvi · δvi.ini (4.11)
where δiv.ini and δvi.ini are the starting isotopic composition (δ238/235U) of U(IV) and U(VI),
respectively; δiv.equ and δvi.equ are the equilibrium isotopic compositions of the U(IV) and
U(VI), respectively; Miv and Mvi are the total mass of coexisting U(IV) and U(VI); λ is
the percentage of active U(IV). Solving eqn 4.10 and 4.11 gives the equilibrium isotopic
103
composition of U(VI):
δvi.equ =
δvi.ini + λ · MivMvi · (δiv.ini − 1.6)
λ · MivMvi + 1
(4.12)
This shows that, if isotopic equilibrium is reached, the impact depends on the relative
masses and isotopic compositions of U(IV) and U(VI), as well as the percentage of active
U(IV) (λ). For example, in an aquifer, contaminant U(VI) with δvi.ini = 0h could exchange
isotopes with previously reduced U(IV) with δiv.ini = 1h. At isotopic equilibrium, δvi.equ
varies with Miv/Mvi and λ as shown in Fig. 4.5, which shows that the impact of isotopic
exchange increases with increasing percentage of active U(IV) and increasing mass ratio
of Miv/Mvi. However, Fig. 4.5 also shows that as Miv/Mvi and λ increases, the impact
approaches a maximum value −0.6h, which is solely related to the “δiv.ini − 1.6h” term.
For example, if the initial solid U(IV) isotopic composition is close to 1.6h, the impact
of full isotopic equilibration on U(VI) would be close to 0h. In summary, the impact of
isotopic equilibration on the isotopic composition of U(VI) increases as Miv/Mvi and the
percentage of active U(IV) increases, and the maximum impact is controlled by the initial
isotopic composition of U(IV).
The above analysis described the impact of full equilibration on isotopic composi-
tions; it is also necessary to consider the rate at which equilibrium is approached. The time
scale of isotopic exchange as a function of λ and Miv/Mvi can be solved from eqn 4.5 and
eqn 4.9 (masses of U are used instead of concentrations):
t =
−ln(1− F ) · λ · MivMvi
k · fsorb · (1 + λ · MivMvi )
(4.13)
where fsorb is the percentage of adsorbed U(VI) and k is the rate constant determined to be
0.199 day-1. Here, the half-life, t1/2, is used to evaluate the timescales of isotopic exchange
(F = 0.5). In a real aquifer, U(IV) particles only account a very small fraction of sediments
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(e.g.,1000 µg g−1 U(IV)) and only part of U(VI) is adsorbed to particle surfaces, then it is
reasonable to assume 0.1% of U(VI) is adsorbed to U(IV), i.e., fsorb = 0.001. In this case,
t1/2 can be plotted against λ and Miv/Mvi (Fig. 4.6), which shows that for a wide range of
λ and Miv/Mvi, the half-life of the isotopic exchange reaction is on timescales of a few years,
unless λ and/or Miv/Mvi is extremely small. This time scale is much longer than those
observed in our experiments. The reason is that in natural settings where other sediment
surfaces dominate, the abundance of U(VI) adsorbed onto U(IV) particles is extremely
small, leading to extremely slow exchange rate. Therefore, it would take a very long time
for such slow exchange to modify the isotopic composition of the total U(VI) pool, including
U(VI) adsorbed to U(IV) particles, dissolved U(VI) and large amount of U(VI) adsorbed
to other sediment surfaces.
Although a large impact of isotopic exchange on U(VI) δ238/235U is possible under
extreme conditions (e.g., very high U(VI)), large negative δ238/235U values of U(VI) (e.g.,
−1h) have not been observed in the field settings where dissolved U(VI) and solid U
(presumed to be U(IV)) coexist (Bopp et al. 2010; Shiel et al. 2013). One reason could be
that significant proportion of the U in the sediments is not U(IV) but U(VI) adsorbed to
sediments or precipitates of U(VI)-bearing minerals. Seasonal variability of groundwater
U concentration indicates adsorbed U(VI) was remobilized during periods of high water
table (Peterson et al. 2008). Other studies have also reported that up to 60% of total U in
sediments is adsorbed U(VI) (Zachara et al. 2007; Bond et al. 2007; Campbell et al. 2012).
In addition, several types of U(VI)-bearing precipitates (silicates, sulfates, and phosphates)
have been reported (Zachara et al. 2007; Arai et al. 2007). The dominance of U(VI) has also
be described even in organic-rich soil profiles (Regenspurg et al. 2010). In those situations,
small amount of U(IV) and relatively large amount of U(VI) will lead to limited impact
of U(IV) on the isotopic composition of U(VI). Alternatively, some U(IV) may have been
occluded by biomass or other clay minerals, making it inaccessible to isotopic exchange with
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U(VI).
Isotopic exchange is real aquifer pore space is further complicated by expected po-
tential open system behavior and therefore the dynamic changes of concentration as well
as isotope composition of U(IV) and U(VI). In a system where U(VI)-bearing groundwater
is passing U(IV)-bearing sediments, the relative concentration and δ238/235U values of the
U(IV) and U(VI) could be constantly changing. Fig. 4.7 illustrates the initial configuration
of an aquifer (at the origin of the x-axis) that is contaminated by a U(VI) contaminant
plume with δ238/235U = 0h. As the U(VI) migrates down-gradient, it loses some U(VI)
due to reduction. As this loss increases, the δ238/235U value of the remaining U(VI) de-
creases progressively (Basu et al. submitted). The product U(IV) flux follows the trend of
the U(VI), offset by the isotope fractionation (ε ≈ 1h). Therefore, the U(IV) produced ini-
tially (precipitated near the contaminant source) was about +1h and the U(IV) produced
later (precipitated down gradient) gradually decreases to negative values. At all locations
along the flow path, the δ238/235U difference between U(IV) and U(VI) is less than the
equilibrium value, and thus isotopic exchange will tend to drive the U(VI) to lesser values
and the U(IV) to greater values. The amount of U(IV) deposited in the aquifer is small at
first, so the impact on the isotopic composition of U(VI) would be small initially, but would
increase over time.
If conditions change and the δ238/235U value of the inflowing U(VI) changes to a
different value, additional complications arise. For example, if the inflowing δ238/235U value
were changed to be−0.6h, upon meeting the U(IV) with δ238/235U = +1h produced earlier,
isotopic exchange could occur, but since the isotopic difference between the previously
reduced U(IV) and the new U(VI) is close to the equilibrium fractionation of 1.6h, isotopic
exchange would have no effect. On the other hand, if the new U(VI) were to have a much
greater δ238/235U value (e.t., +1.0h), the impact of isotopic exchange would be enhanced
by the increased isotopic disequilibrium.
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Clearly, many variables, such as the reduction rate, the advection velocity, and the
history of the system, determine the precise isotopic shifts that could occur as a result
of isotopic exchange. Much detailed information about the concentration and δ238/235U
distribution of U species in the subsurface would be needed to fully define a system. If this
information could be obtained, however, an advanced reactive transport model could then be
developed to simulate the isotopic exchange effect in a dynamic environment. Such an effort
is beyond the scope of this study, but may be helpful to allow quantitative interpretation
of δ238/235U data from groundwater systems.
4.6 Conclusions
The equilibrium isotope fractionation between U(IV) and U(VI) at 25 ◦C in 0.625 M HCl was
determined to be 1.64± 0.16h, with 238U enriched in U(IV) relative to 238U. The isotopic
exchange rate under those conditions was determined to be 0.0036±0.0011 mol U(VI) L-1
day-1. The equilibrium fractionation as well as the exchange rate agrees well with previous,
lower precision experimental results. The equilibrium fractionation is estimated to be a
combination of 2.86 ± 0.16h due to nuclear volume effect and ∼−1.22h due to the mass
dependent effect. The nuclear volume effect inferred from our experiment as well as previous
experimental work is 0.1–0.6h greater than published theoretical calculations.
Experiments designed to determine isotopic exchange rates under conditions some-
what similar to natural settings, with neutral pH, solid U(IV), and low U concentrations,
showed significant isotopic exchange over time scales of days. The isotopic exchange rates
in these neutral pH experiments are higher than expected, given the much smaller con-
centrations compared to the high concentration experiment. We suggest the adsorption of
U(VI) to solid U(IV) surface enhanced the electron transfer by keeping U(IV) and U(VI),
and probably U(V), in close proximity. Observed isotopic exchange rates showed good
correlation with the adsorbed U(VI) concentrations.
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Timescales and magnitudes of the δ238/235U shifts induced by isotopic exchange on
the dissolved U(VI) isotopic composition depends on many variables, including the relative
isotopic compositions and masses of coexisting U(IV) and U(VI), the percentage of solid
U(IV) that are exposed, and the fraction of U(VI) adsorbed onto U(IV) solid surfaces. The
impacts of isotopic exchange are thus highly variable and can only be predicted if details of
the system are well defined.
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4.7 Tables and Figures
Table 4.1: Result for the high concentration, acidic-pH experiment. The sign “ * ” represents
cross contamination corrected. Δ238/235UIV-VI is calculated using corrected values. F refers
to the progress toward isotopic equilibrium; R refers to isotopic exchange rate; half-life
refers to time required to reach half equilibrium (see § 4.4.2 for calculation). Numbers in
parenthesis is propagated uncertainty.
Time [U(IV)] [U(VI)] δ238/235U δ238/235U δ238/235U δ238/235U Δ238/235U F
dissolved dissolved IV VI IV* VI* IV-VI
day mol L−1 mol L−1 h h h h h
0.0 0.038 0.034 0.06 -0.11 0.07 -0.12 0.19 0.10
0.7 0.033 0.033 0.25 -0.18 0.27 -0.20 0.47 0.21
2.0 0.035 0.031 0.33 -0.33 0.36 -0.37 0.66 0.42
6.7 0.035 0.031 0.62 -0.60 0.66 -0.68 1.34 0.81
10.8 0.035 0.032 0.71 -0.67 0.77 -0.76 1.53 0.91
14.7 0.034 0.031 0.69 -0.71 0.75 -0.80 1.55 0.96
19.1 0.034 0.031 0.74 -0.76 0.81 -0.84 1.65 1.02
27.9 0.034 0.032 075 -0.73 0.81 -0.82 1.63 0.98
35.8 0.034 0.032 0.75 -0.75 0.82 -0.83 1.65 1.00
R = 0.0036±0.0011 mol U(VI) L−1 day−1; half-life = 3.2±1.0 day.
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Table 4.3: Results for low concentration, neutral experiments. F refers to the progress to-
ward isotopic equilibrium; R refers to isotopic exchange rate; half-life refers to time required
to reach half equilibrium (see § 4.4.2 for calculation of R and F). Numbers in parentheses
are propagation errors.
Exp’t Time [U(VI)]dissolved δ238/235U(VI) F R Half-lfie
day 10−6 mol L−1 h 10−6 mol L−1 day−1 day
2 0.0 8.0 -8.55 0.00 2.70±(0.12) 3.9±(0.2)
0.9 7.9 -11.64 0.23
3.0 7.8 -14.67 0.46
5.1 8.7 -16.62 0.61
10.9 8.1 -20.04 0.86
3 0.0 2.9 -22.97 0.00 2.03±(0.11) 3.3±(0.2)
2.1 2.9 -30.94 0.45
4.0 2.9 -33.65 0.61
6.8 2.9 -35.96 0.74
10.8 3.0 -38.914 0.91
4 0.0 6.3 -10.61 0.00 2.12±(0.07) 3.0±(0.1)
1.8 6.6 -14.53 0.42
3.8 6.5 -16.06 0.58
5.9 6.5 -17.82 0.77
7.8 6.7 -18.54 0.84
5 0.0 6.2 -6.38 0.00 0.71±(0.01) 3.4±(0.1)
1.8 6.2 -7.60 0.28
3.8 6.3 -8.92 0.59
5.9 6.4 -9.44 0.71
7.8 6.2 -9.80 0.79
5 0.0 6.6 -17.39 0.00 3.50±(0.15) 2.4±(0.1)
1.8 6.5 -22.87 0.52
3.8 6.7 -25.09 0.73
5.9 6.5 -26.20 0.84
7.8 6.7 -26.90 0.90
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Figure 4.1: Results for the high concentration, acidic-pH experiment focusing on determin-
ing the equilibrium fractionation between dissolved U(VI) and dissolved U(IV). A: U(VI)
concentration shows the absence of U(IV) oxidation during the experiment. B: δ238/235U
vs. time for U(IV) represented by diamonds, and U(VI), represented by circles. C: Plot
of −ln(1 − F ) vs. time used to extract the isotopic exchange rate using corrected U(VI)
δ238/235U (see § 4.4.2 for calculation). Uncertainties are smaller than the symbols.
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Figure 4.2: Results for the low concentration, neutral experiments focusing on the isotopic
exchange kinetics between dissolved U(VI) and solid U(IV). A, B, C, D, and E are for
experiments 2, 3, 4, 5, and 6, respectively. The left panel shows dissolved U(VI) concen-
tration over time. The middle panel shows δ238/235U of the dissolved U(VI) over time.
The dashed lines represent the predicted δ238/235U using isotopic exchange rate extracted
from corresponding figures in the right panel. Error bars in all figures are smaller than the
symbols. 113
A B	  
Figure 4.3: Plot of −ln(1− F ) vs. time for experiment 2, using total U(IV) concentration
(A) and active U(IV) concentration (B).
Figure 4.4: Log-log plot of isotopic exchange rate R as a function the concentration of
adsorbed U(VI) for experiments 2 through 6.
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Figure 4.5: Impact of isotopic exchange (at isotopic equilibrium) on δ238/235U(VI) as a
function of U(IV)/U(VI) mass ratio (total mass) and percentage of active U(IV). Initial
δ238/235U of U(VI) and U(IV) are assumed to be 0h and 1h, respectively.
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Figure 4.6: Half-life of isotopic exchange as a function U(IV)/U(VI) mass ratio (total mass)
and percentage of active U(IV). Adsorbed U(VI) to U(IV) particles is assumed to be 0.1%
of total U(VI). Note the different y-axis scale compared to Fig. 4.5
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Figure 4.7: A schematic diagram showing changes in δ238/235U of U(IV) and U(VI) as the
U(VI) plume migrates with groundwater (from left to right). The kinetic fractionation (ε)
during reduction is assumed to be 1h, with the U(IV) flux being isotopically heavier than
the remaining U(VI) pool and the starting δ238/235U of U(VI) is assumed to be 0h.
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